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Abstract

The postnatal development of afferent evoked activity in single extracellularly 
recorded dorsal horn cells, was examined in urethane anaesthetised rats aged 3 ,6 ,10  
and 21 days old. Responses to single and repeated stimuli to primary afferent fibres, 
and “natural stimulation” were investigated. Cells responded to natural stimulation 
from the first age tested, but the convergence of inputs increased with age.

A fibre strength evoked long lasting, variable, responses in the youngest animals, 
particularly in superficial cells. Mean latencies decreased with age, from 
33.1±2.78ms at P3 to 7.3±0.3 ms at P21. No long latency spike responses were 
evoked in response to C fibre stimulation in pups aged P3 (postnatal day 3) or P6 
while by P10, 35% of cells had a C fibre response, The size of the peripheral 
receptive field decreased with age. At P3 the mean receptive field occupied 50% of 
the plantar hindpaw, this decreased to 15% by P21

Repeated stimulation of cutaneous A fibres at 0.5 Hz at twice threshold produced 
sensitisation in a population of dorsal horn cells in the neonate. The direct A fibre 
evoked activity did not increase but the background activity increased during 
repetitive stimulation leading to a prolonged afterdischarge beyond the stimulation 
period. At P6, 33% cells were sensitised displaying a mean afterdischarge of 
70.6±18 s. At P10, only 6% were sensitised with a mean afterdischarge of 63 s and 
by P21, it was no longer observed.

Injection of carageenan (an inflammatory agent) into the hindpaw of P10 rats caused 
an increase in background activity which peaked at under lOOmins, less than in the 
adult. Peripheral receptive fields were larger and stimulation thresholds lower, as is 
the case in adults.

These results demonstrate that dorsal horn activity undergoes considerable postnatal 
development, this will affect sensory processing in the newborn.
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Chapter 1:

General Introduction

1.1 Aim of the thesis.

The aims of this study are to examine the postnatal changes in the cutaneous afferent 

evoked activity in the dorsal horn of the rat spinal cord, in both the natural state 

(naive) and after a peripheral inflammatory insult. While there have been a 

considerable number of studies in this area in adults, there is very little information 

on how these processes function in the newborn and how they mature in postnatal 

life.

Only one previous study has examined the postnatal development of the cutaneous 

primary afferent input to the spinal cord dorsal horn (Fitzgerald, 1985a).

The aim here was to directly record from single dorsal horn neurones that are part of 

the functional sensory pathways to provide a better understanding of connectivity in 

developing central sensory pathways. These anatomical and behavioural studies 

indicate an enhanced input role for the low threshold A afferents, when comparing 

neonates to adults. The focus of many previous behavioural studies has been on the 

postnatal development of spinal reflexes (Andrews and Fitzgerald, 1994; Angulo Y 

Gonzalez, 1932; Ekholm, 1967; Fitzgerald and Gibson, 1984; Fitzgerald et al., 1988; 

Lewin et al., 1993) and as such concentrate on the motor as well as sensory 

connections. Here we examine the cutaneous sensory pathways directly. There are 

in vitro studies that have predominantly examined the pharmacology of the young 

postnatal spinal cord; the results from these experiments are often reported without
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fully taking into account the postnatal developmental changes that other studies have 

highlighted.

In the first part of this study the acute afferent input from the hindlimb (millisecond 

(ms) to second range of events) to lumbar dorsal horn cells under normal 

physiological conditions, is examined. A second, related aim, was to look at the 

central effects of peripheral inflammation in the neonatal dorsal horn. In adults 

inflammation has been used extensively as a model for persistent pain, and it has been 

shown that sensory processing alters demonstrated by spontaneous pain and 

exaggerated responses to noxious and innocuous stimulation (hyperalgesia and 

allodynia). Neonatal rats also have a strong behavioural, flexor withdrawal response 

to formalin from birth, with an augmented response in the first postnatal week (Guy 

and Abbott, 1992). The second part of this study therefore examines afferent input 

to dorsal horn cells in the presence of an altered sensory background due to 

inflammation of the hindpaw.
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7 .2  Introduction to the spinal cord.

Since somatosensory processing in the adult spinal cord has been thoroughly 

reviewed (Wall and Melzack, 1994; Willis and Coggeshall, 1991), only key relevant 

points will be highlighted in this introduction. This section contains a brief 

description of the peripheral and central anatomy and physiology of the mature 

somatosensory system entering the spinal cord. The next section will focus on the 

developmental changes that relate to the studies in this thesis.

1.2.1 Peripheral receptors

Central recognition of a stimulus, at the spinal cord level, depends on the type and 

intensity of stimulus. The low threshold mechanoreceptors and hair follicle afferents 

initiate action potentials that travel in the large diameter thickly myelinated Ap 

fibres, (see Willis & Coggeshall, 1991). The peripheral receptors that are innervated 

by Ap fibres include the slowly adapting Merkel and Ruffini cells and the rapidly 

adapting hair follicle or skin receptors as well Meissner’s and Pacinian corpuscles,

Ap fibres also appear to innervate high threshold mechano receptors (HTMR) 

(Koerber et al., 1988).

Most high threshold mechanoreceptors receptors are innervated by the thinly 

myelinated A8 fibres, and can become sensitised to heat stimuli. The delta hair 

follicle afferents are also innervated by A8 fibres. The A8 peripheral terminals 

invade the epidermis, but remain ensheathed in Schwann cells so are not considered to 

be free ending whereas, those of the fine, unmyelinated C fibres, have genuine free 

endings (Kruger et al., 1981). These polymodal C fibres respond to noxious 

mechanical, chemical and thermal stimuli, and are also referred to as nociceptive 

afferents, i.e. conveying information from nociceptors, which are defined as sensory 

endings that respond to stimuli that threaten or damage tissue (Sherrington, 1906).
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These are the afferent fibre types carrying somatosensory information from the 

periphery to the spinal cord. Collectively these nerves are referred to as primary 

afferent fibres and can be found in the mixed peripheral nerves together with the 

motor nerves.
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1.22 Dorsal Root Ganglia (DRG)

The dorsal root ganglia house the cell bodies of these afferent fibres. The main 

function of the dorsal root ganglia is to relay the environmental stimuli and transmit 

the resulting information centrally. The cells in the DRG are classified initially into 

small and large cells. There is a correlation between the type of information carried 

and the cell body size, with large cell bodies giving rise to large, myelinated axons 

(A(3) and the small cell bodies giving rise to small diameter unmyelinated axons (C 

fibres) and possibly to the small myelinated A8 fibres (Willis and Coggeshall, 1991). 

The small cells in the DRG and the unmyelinated axons are both lost in mature rats 

after systemic treatment with capsaicin at birth (Fitzgerald, 1983). The large cells are 

bom earlier at E l2-14 than the small cells, E l3-15 (Lawson and Biscoe, 1979).

There is no absolute correlation between conduction velocity and axon size (Cameron 

et al., 1986; Willis and Coggeshall, 1991). It has been reported that other 

physiological parameters of the DRG show a better correlation with the type of 

information transmitted than the conduction velocity does There is a characteristic 

spike duration for each receptor type examined. When examining somata, which 

receive peripheral input from one class of peripheral fibre, there is a differentiation in 

the spike duration depending on the receptor supplied. Somata whose axons that 

supply low threshold cutaneous receptors show spikes with a shorter duration than 

those that innervate high threshold cutaneous receptors. The width of the spike is 

positively correlated to receptor type in a given primary afferent fibre type (Koerber 

et al., 1988).

All neurones in the DRG show broad action potentials in the newborn, only some of 

which maintain these into adulthood (Fulton, 1987). This has led to a theory that 

high threshold mechano receptors have an arrested development, despite myelination, 

and are possibly in an immature state (Koerber et al., 1988).
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1.23 Central Projections

The main functions of the primary afferents are to convey modality of the peripheral 

sensation to the spinal cord and to be able to discriminate the position of the 

stimulus, on the periphery. These are coded for by the spatial organisation of the 

primary afferent central terminals in the dorsal horn (Woolf, 1987). The two aspects 

of the input coded for by location in the dorsal hom, are:

i) modality of stimulus, coded for by lamina (i.e. dorso-ventral position in the 

cord).

ii) site of peripheral receptive field, coded for by mediolateral and 

rostrocaudal position (also called somatotopy).

The primary afferent fibres have their cell bodies in the dorsal root ganglia (DRG) and 

their central projections travel in the dorsal root to the spinal cord. Many dorsal root 

fibres bifurcate on entering the cord giving off rostral and caudal branches, these in 

turn give off collaterals which penetrate the grey matter, along its entire border with 

the white matter to terminate in different laminae, depending on the fibre type. C 

fibres generally travel in the most lateral part of the white matter (including 

Lissauer’s tract) and the A fibres travel more medially. The dorsal roots give off 

most collaterals in the segment in which they enter the cord, although the rostro 

caudal spread is up to six segments in the cat L3-S2 segments(Wall and Werman, 

1976). The number of collaterals per axon to achieve this rostro caudal spread is 8-12 

(Brown et al., 1981; Woolf, 1987). The rostrocaudal extent of the C fibre projection 

is less in the C afferents than in the A fibres, only 2 segments in the kitten and 

several segments in the rat (Chung et al., 1979; Szentagothai, 1964).
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L am in a  t er m in a tio n  p a tt e r n s:

There are some central projections that travel in the ventral root, most of these fibres 

are unmyelinated. Many are blind ending, but some do enter the ventral horn, and 

these do not appear to form synapses and if dorsal root transmission is blocked, only 

minimal effects can be seen through the ventral roots (Coggeshall et al., 1974). The 

newborn kitten has relatively few unmyelinated fibres in the ventral roots, but by the 

age of seven months there are the same percentage of unmyelinated fibres (of the total 

fibres in the ventral root) as there are in the adult (Risling et al., 1981). The collaterals 

of primary afferent neurones terminate in distinct regions of the dorsal horn

The spinal cord grey matter is a heterogeneous mix of cells, that have been subdivided 

into regions that have distinct morphological and physiological characteristics (Rexed, 

1952; Willis and Coggeshall, 1991). The majority of spinal cord neurones are 

intemeurones (Chung et al., 1984).

The large diameter myelinated afferents enter the grey matter of the spinal cord either 

through the medial part of substantia gelatinosa (SG) or from the medial part of the 

grey matter, the collateral axons having curved around the dorsal horn grey matter 

(Fig 1.1). Cajal (1909) first described the course of these collaterals using Golgi 

stains, in the spinal cords of newborn kittens and dogs (Ramon y Cajal, 1909). 

According to Cajal these fibres reach lamina IV, then turn back on themselves to 

penetrate laminae III and lamina II inner (Hi) from below, forming flame shaped 

arborisations, first described as such, by Scheibel & Scheibel, 1968. This has been 

confirmed in later studies (Light and Perl, 1979a; Woolf, 1987). However, studies on 

physiologically identified, HRP (Horse Radish Peroxidase) filled A fibres in the cat 

and rat show that these terminate almost entirely in lamina III (Brown et al., 1981; 

Shortland et al., 1989). This result suggests that the more superficial terminations of 

A cells found in earlier studies were as a result of using younger animals. More 

recent studies have shown that in young rats, the A fibre collaterals do indeed 

terminate in lamina II and I (Fitzgerald et al., 1994; Mimics and Koerber, 1995).
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Electrophysiological studies have confirmed that in the adult the large A fibre 

afferents have terminals predominantly in laminae III to V. Cells in these laminae 

respond with short latency to light mechanical stimulation (Brown et al., 1973; Wall, 

1967). The terminals are arranged in sheets arranged along the longitudinal (rostro

caudal) axis of the dorsal horn, compressed medio-laterally. There is dense branching 

except at the extreme rostral and caudal ends of the central terminal field where the 

ends are simple with no apparent synaptic boutons (Beal, 1979; Scheibel and 

Scheibel, 1968; Woolf, 1987). A population of cells in the medial parts of laminae 

III-IV, respond monosynaptically to A|3 fibre afferents (Armett et al., 1961)

A8 fibres physiologically identified and filled with HRP have been examined and 

found to enter the spinal cord and sometimes, but not always, bifurcate, travelling 

rostrally just medial to Lissauer’s tract (Light and Perl, 1979b). Both high threshold 

mechanoreceptors (HTMR) and low threshold Down hairs (D hairs) were examined 

in two species; the cat and monkey. The central terminations of the HTMRs in the 

two species were essentially identical, terminating in the marginal zone of lamina I 

and lamina V on the ipsilateral side, with some terminals in the midline just dorsal to 

the central canal and a few terminals in laminae I & V on the contralateral side. The D 

hair afferent central terminals were found in lamina III and Hi, arranged in longitudinal 

columns. HTMRs respond to increasing intensities of noxious mechanical 

stimulation with incrementally graded activity. The neurones in lamina I are 

activated by volleys in cutaneous A8 fibres and sometime C fibres (Christensen and 

Perl, 1970; Fitzgerald and Wall, 1980; Light et al., 1979; Woolf and Fitzgerald, 1983), 

there are some reports of activation of these cells by Ap fibres (Christensen and Perl, 

1970; Woolf and Fitzgerald, 1983). The D hair afferents have slower conduction 

velocities and are at least as responsive as the other hair follicle afferents (Ap) (Light 

and Perl, 1979b).

Nociceptive unmyelinated C fibres penetrate the dorsal horn from the medial 

Lissauer’s tract and terminate exclusively in the superficial dorsal horn grey, as
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shown by degeneration studies (Ralston and Ralston, 1979) and HRP labelling of 

lateral rootlets, which largely contain C fibres (Light and Perl, 1979a). Data from 

electrophysiological studies confirm that C fibres terminate in the superficial dorsal 

hom. There are some cells in laminae I and II that respond exclusively to C fibre 

input (Fitzgerald and Woolf, 1981; Kumazawa and Perl, 1978). Furthermore C fibres 

can only be antidromically activated by stimulating their terminals in SG (Fitzgerald 

and Woolf, 1981). Further evidence can be gained from the neurochemical anatomy 

of the dorsal hom. Substance P (SP), which is known to be localised in the C fibre 

terminals is concentrated in laminae I and II (Hokfelt et al., 1975) and these areas are 

depleted following axotomy (Barber et al., 1979). Somatostatin and FRAP (fluoride 

resistant acid phosphotase) is also concentrated in laminae I and II (Hokfelt et al., 

1976; Nagy and Hunt, 1982), and the FRAP band disappears following root section 

(Knyihar et al., 1974). These SP containing terminals disappear following neonatal 

capsaicin treatment (Nagy et al., 1981).

The collaterals terminate on SG intemeurones that are longitudinally orientated with 

respect to the cord. These do not generally project outside of SG (Gobel, 1978), 

although some ventral axonal projections take some information to the deeper layers 

of the dorsal hom (Gobel et al., 1980; Light and Kavookjian, 1988). Neurones in 

laminae III & IV with dorsally projecting dendrites can also receive input from the 

afferents terminals in lamina II (Wall, 1965).

Cells in the SG are primarily activated by C fibre input, although they can be excited 

by A fibre (A8 & A(3) input too (Bennett et al., 1979; Bennett et al., 1980; Fitzgerald 

and Woolf, 1981; Kumazawa and Perl, 1977; Wall et al., 1979). Since A fibres do not 

appear to project directly to laminae II, and dendrites of lamina II neurones do not 

leave SG, this A fibre activation of SG neurones is probably dependent on a 

polysynaptic pathway (Willis and Coggeshall, 1991). Neurones in lamina II0 are 

more likely to receive inputs from C fibre nociceptors and thermoreceptors, whilst 

those in Ilj are likely to receive inputs from mechanoreceptors. (Willis and
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Coggeshall, 1991). In vitro electrophysiological studies suggest that there is a 

significant monosynaptic input from the AS afferents in the SG (Yoshimura and 

Jessell, 1990). These investigators report that about 70% of cells in the SG receive 

direct monosynaptic input from AS afferents, whilst they find that only 25% of SG 

cells receive direct monosynaptic inputs from C afferents, in the slice preparation.

The other group of afferents, with terminations in the spinal cord are the A a (la, lb) 

afferents. These also give rostral and caudal branches on entering the cord and give 

off a number of collaterals (5-11) which penetrate the deep dorsal hom grey (Ishizuka 

et al., 1979). Most collaterals terminate in the aforementioned intra axonal HRP 

tracing study, make monosynaptic contact with the motomeurones in lamina IX, 

although some terminate in laminae VI & VII, making contact with the small and 

medium cells here.

S o m a t o t o p y :

Afferent fibres grow into specific laminae of the dorsal hom. C fibres terminate in 

lamina II, A8 in laminae I and V and Ap in Laminae III and IV in the adult. Each 

forms a characteristic map of the skin that it represents, and these horizontal maps lie 

above or below one another in the dorsal hom, (Shortland et al., 1989; Swett and 

Woolf, 1985; Wall, 1967; Woolf and Fitzgerald, 1986). The somatotopic organisation 

of the lumbar dorsal hom was first described by Wall, who reported that the toes and 

distal structures were represented medially in the dorsal hom, whilst the lateral 

aspect of the leg and more proximal structures were coded for by cells in the lateral 

dorsal hom (Wall, 1967).

These somatotopic maps are conserved throughout the somatosensory system, at 

spinal, brainstem, thalamic and cortical levels (Kandel et al., 1991).
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The maps are present in neonatal rats from birth (Fitzgerald and Swett, 1983; Smith, 

1983; Wilson and Snow, 1988).

Bryan and colleagues suggested that the somatotopic organisation of the dorsal hom 

reflects the embryological development of the innervation of the limbs (Bryan et al., 

1973; Bryan et al., 1974). The embryonic cord initially has a simple somatotopic 

arrangement in which dorsal hom cells lying medially receive afferents from 

peripheral receptive fields in the dorsal part of the corresponding dermatome, whilst 

those cells in the lateral dorsal hom receive projections from afferents with receptive 

fields in the ventral part of the dermatome. This situation is maintained in the adult 

thoracic cord (Smith, 1983). In the lumbar and cervical enlargements, the simple 

dermatomal pattern is distorted, as the when the limb bud grows out it rotates 

resulting in the more complex dermatomal and neurotomal patterns (Willis and 

Coggeshall, 1991).

D o rsal  h o r n  cell  a c t iv a t io n  b y  a f f e r e n t  in p u ts

The activity of populations of neurones in the dorsal hom can be visualised in a 

number of ways. Field potentials measured from the surface of the cord (cord 

dorsum potentials) or from within the cord have been recorded in a number of 

species, including man (Willis and Coggeshall, 1991). The negative waves caused by 

the incoming primary afferent signals can be measured, and have been used to locate 

the areas in the dorsal hom where the collaterals from a particular afferent fibre type 

terminate, this is worked out by stimulating the nerve at intensities sufficient to 

excite the type of fibre of interest.

A more recent technique for examining the activity of populations of neurones in the 

dorsal hom is the technique for staining the c-fos expression (Hunt et al., 1987). C- 

fos is an immediate early gene which is thought to act as a transcription factor at the 

AP-1 site found on a variety of genes, including those of nerve growth factor (NGF) 

and dynorphin (Morgan and Curran, 1989). C-fos is selectively expressed in
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response to noxious stimulation in the adult spinal cord and it is largely confined to 

the superficial laminae of the dorsal hom, although it is also found in deeper laminae. 

Furthermore, the expression can be reduced in a dose dependent manner following the 

pre-emptive morphine treatment. (Bullitt, 1989; Fitzgerald, 1990; Menetrey et al., 

1989; Tolle etal., 1990).

Dorsal hom cells can be classified by determining whether they are excited by just 

myelinated cutaneous afferents or by both myelinated and unmyelinated (Gregor and 

Zimmermann, 1972). Mendell (1966) introduced a scheme that looks at the intensity 

of the stimuli that activate the neurones. Cells that are excited by innocuous stimuli 

only are termed narrow dynamic range, those that receive inputs from both A & C 

fibres are called wide dynamic range (WDR). Mendell & Wall (1965) and Mendell 

(1966) report that 60% of neurones in the nucleus proprius (lamina V) could be 

activated by both A and C fibres, the remaining 40% could only be activated by A 

fibre inputs. By giving stimuli of graded strength neurones with convergent inputs 

from all somatosensory afferent types were demonstrated (Wagman and Price, 1969).

Repetitive stimulation of C fibres at frequencies of 0.3Hz or greater facilitate the 

discharge rates of many dorsal hom neurones. This phenomenon has been termed 

“wind-up” (Fitzgerald and Wall, 1980; Mendell and Wall, 1965; Mendell, 1966; 

Wagman and Price, 1969; Woolf and King, 1987). This type of central sensitisation 

is thought to be behind some of the longer term physiological and molecular changes 

in the spinal cord following sustained noxious stimulation, such as central 

hyperalgesia and c-fos expression (Dray et al., 1994), this is discussed in more detail 

in Ch 4.
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1.24 Spinal cord pharmacology

The fast synaptic transmitters in the SG are the excitatory amino acids (EAAs), and 

the “synaptic transmission inhibitors” glycine and GABA (y-amino-butyric acid). In 

the presence of antagonists to all of these there is very little, or no evoked current 

remaining, and miniature synaptic events are absent, demonstrating that these are the 

major fast excitatory transmitters present in the SG (in a slice preparation) (Grudt 

and Henderson, 1998).

Excitatory amino acids
The two classes of excitatory neurotransmitters involved in the transmission of 

nociceptive information are the EAAs and the neurokinins. The fast excitatory post 

synaptic potentials (EPSPs) at synapses between A5 and afferents and cells in the 

superficial dorsal hom are probably mediated by L-glutamate (Yoshimura and Jessell, 

1990). It has been previously shown, in the newborn rat spinal cord, that la fibres 

release an L-glutamate type transmitter (Jahr and Yoshioka, 1986). Furthermore, 

synaptic transmission between DRG and dorsal hom neurones in culture can be 

blocked by EAA antagonists (Jahr and Jessell, 1985). The transfer of nociceptive 

information from the periphery is thought to be mediated by the action of glutamate 

on dorsal hom neurones, antagonists of L-glutamate reliably reduce pain behaviours 

(Hunter and Singh, 1994; Meller et al., 1993). Glutamate has also been localised 

immunohistochemically in the small cells in DRG, sometimes co-localised with 

substance P (De Biasi and Rustioni, 1988), and in the terminals of the superficial 

dorsal hom (Miller et al., 1988). After electrical stimulation of a peripheral nerve, 

glutamate is released in the rat dorsal hom (Hopkin and Neal, 1971), in a Ca++ 

dependent way (Potashner and Tran, 1984). Investigators examining the spinal 

dialysate after noxious stimulation have shown large increases in the release of 

glutamate and aspartate (Skilling et al., 1988) and SP (Smullin et al., 1990). Schneider 

& Perl have shown that the majority of neurones that are excited by glutamate and
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aspartate in an in vitro preparation, are located in the superficial laminae of the dorsal 

hom and are predominantly excited by the C fibre component of the dorsal root 

volley (suggesting nociceptive input) (Schneider and Perl, 1985; Schneider and Perl,

1988).

There are three main EAA receptor subtypes, W-methyl-D-aspartate (NMDA) and 

non-NMDA receptors, (named after the synthetic agonists that act on them). The 

non-NMDA receptors are selectively activated by AMPA (a-amino-3-hydroxy-5- 

methyl-4-isoxazolepropionic acid) and kainate (Kleckner and Dingledine, 1989; 

Verdoom and Dingledine, 1988). There is also metabotropic glutamate receptors 

(which involves coupling through a G-protein). The NMDA and non-NMDA 

receptors are ligand operated ion channels. AMPA and kainate admit Na+ and K+ 

and the NMDA operated channels admit Ca**, and appears to blocked at resting 

potentials by Mg** (MacDermott et al., 1986). At physiological concentrations of 

Mg'1-1- and membrane potential of -70mV, neurones are not very responsive to 

NMDA. This voltage dependent block can be overcome by prior depolarisation by 

another agent, eg. AMPA. This channel will then allow Ca** into the cell, so that the 

increase in excitability, increase in firing, exceeds that produced by other receptors 

(Dickenson and Sullivan, 1990). Comparisons of the effects of NMDA and non- 

NMDA receptor antagonists on the A8 and C fibre evoked EPSPs suggest that the 

initial component is mediated by the non-NMDA receptors (Yoshimura and Jessell, 

1990). The NMDA receptors contribute to the later phase of the EPSP, as the 

duration of the EPSP is decreased by the NMDA antagonist AP5 (DL-2-amino-5- 

phosphonovaleric acid) (Forsythe and Westbrook, 1988; Yoshimura and Jessell, 

1990).

Following brief mechanical or thermal noxious stimuli, C fibre terminals release 

glutamate which acts via AMPA receptors to produce short term excitations 

(Yoshimura and Jessell, 1990. The activation of the NMDA channel has been shown 

to be implicated in the phenomena of wind-up and long term potentiation (LTP).
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NMDA antagonists have been shown to reduce windl-up (Davies & Lodge., 1987; 

Dickenson and Sullivan, 1987; Woolf and Thompson, 1991), and NMDA receptor 

activation is an absolute requirement of LTP (Collingiridge and Singer, 1990)

Neurokinins:
The undecapeptide, substance P (SP) is a member o f a family of related peptides 

called either tachykinins or neurokinins. Of the three classes of neurokinin receptors 

currently classified, SP has been shown to be the pre ferred transmitter of the 

neurokinin-1 receptor (NKi) (Otsuka and Yoshioka, 1993). Immuno studies have 

shown that SP and CGRP coexist in capsaicin sensitive primary afferents (De Biasi 

and Rustioni, 1988; Wiesenfeld Hallin et al., 1984), and that they occur with 

somatostatin and bombesin in dorsal roots of unmyelinated dorsal afferents (McNeill 

et a l, 1989). SP and CGRP have also been shown to coexist with galanin and 

dynorphin in varicosities in the superficial dorsal hom (Tuchscherer and Seybold,

1989). The release of neurokinin A, as with SP, is increased following peripheral 

inflammation (Duggan et al., 1988)

Of the neuropeptides found in primary sensory neurones, SP and CGRP are the only 

ones of which there are substantial levels synthesised and stored under normal 

conditions. Neuropeptide Y, galanin and vasoactive intestinal peptide, are 

synthesised and stored in very low levels under normal conditions and require a 

stimulus for synthesis upregulation (Hokfelt et al., 1997). Calcitonin gene related 

peptide (CGRP), is a peptide released by primary afferents in response to noxious 

peripheral stimulation, and has the effect of exciting dorsal hom neurones. It has 

been shown that SP and CGRP share the same breakdown enzyme, which may lead 

to the situation where SP can diffuse into large areas of the dorsal hom in the 

presence of CGRP, and escape breakdown as the enzyme is occupied with CGRP

SP has been found to co-exist with glutamate in the afferent fibres that respond to 

noxious stimulation (De Biasi and Rustioni, 1988), but the contribution of SP to the
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processing of noxious information is unclear. SP is not necessary for the experience 

of pain, and is considered to be a neuromodulator that alters the excitability of the 

afferents that respond to noxious stimulation, in the dorsal horn (Rusin et al., 1992). 

SP appears to be required in different conditions to those that evoke the release of 

glutamate exclusively. Higher frequencies of primary afferent stimulation are required 

to evoke the release of SP compared to glutamate (Duggan et al., 1995; Marvizon et 

al., 1997). It has also been demonstrated in dorsal horn neurones that internalisation 

of the NKj receptor (a marker of SP release) occurs in the normal animal only when 

the stimulus intensities are well above the threshold for pain (Abbadie et al., 1997; 

Mantyh et al., 1997).

SP is synthesised by small diameter nociceptive sensory fibres (McCarthy and 

Lawson, 1989) and is released into the dorsal hom following intense peripheral 

stimulation (Duggan et al., 1988) promoting central hyperexcitability and increased 

sensitivity to pain (Laird et al., 1993; Ma and Woolf, 1995; Neumann et al., 1996; Xu 

et al., 1992).

Small diameter neurones appear to be split into two distinct neurochemical 

phenotypes, those that stain for neuropeptides and those that contain FRAP or 

thiamine monophosphatase (Hunt and Rossi, 1985). These phenotypes also 

terminate in different laminae, the peptide containing small diameter neurones 

terminate in laminae I and II0, and the FRAP neurones terminate largely in Ilj. A 

recent paper by Lawson and colleagues (Lawson et al., 1997) has thrown new light 

onto this issue. Approximately two thirds of small diameter neurones are 

nociceptors, and one third of small diameter neurones contain SP. All SP containing 

neurones are nociceptors, although not all nociceptors contain SP. Neither of the two 

main classes of cutaneous afferent nociceptor, polymodal C nociceptors, and A5 high 

threshold mechanoreceptors stain strongly for SP. The SP staining afferents appear 

to have their peripheral terminals in the deeper layers of the skin, and would appear 

to signal about deep pressure from the skin and muscle, whilst the FRAP containing
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SP/CGRP negative neurones had peripheral terminals in the superficial layers of the 

skin (Lawson et al., 1997).

Two recent Nature papers have shed further light on the role of SP in somatosensory 

processing. Cao and co-workers (1998) have disrupted the preprotachychinin gene 

which codes for both SP and neurokinin A (NKA). Although the mice lacked both 

SP and NKA, they showed normal thresholds for reactions to painful stimuli, but had 

a blunted response to higher intensity pain stimuli. De Felipe and colleagues (1998) 

have examined a NKj knockout and these mice again did not show any changes to 

acute stimuli at noxious thresholds when compared to wildtype, but again their 

responses to more intense stimuli were blunted. They point to a role for SP in 

mediating the more intense noxious stimuli, as has been demonstrated by the ability 

of NKi antagonists to block wind-up without affecting acute pain thresholds (Laird 

et al., 1993; Longmore et al., 1997; Ma and Woolf, 1997).

Immuno studies on the distribution of the NKj receptor in the dorsal horn have 

shown it in lamina I, III and IV. Some cells in laminae III and IV with long dendrites 

projecting dorsally, through SG to reach lamina I, also stained for NKi. These 

sections were double labelled to examine their GABA immunoreactivity, and there 

was no colocalisation in 90% of neurones. Those that did show colocalisation of 

GABA or glycine and NKi were mainly in the deep dorsal horn. The authors 

conclude that SP acts through NKi receptors on mainly excitatory neurones 

(Littlewood et al., 1995). A study on young rats P I2-20, has found that NKj 

receptors are only present on lamina II and IV neurones, although some of these have 

long, dorsally projecting dendrites, which reach through lamina II to reach lamina I 

(Bleazard et al., 1994).
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GABA and glycine:
GABA and glycine are the main inhibitory neurotransmitters in the CNS, both 

mediate synaptic transmission in the SG and other parts of the spinal cord (Grudt 

and Williams, 1994; Todd and Spike, 1993; Yoshimura and Nishi, 1995).

Furthermore, virtually all SG neurones receive inputs from both GABA and glycine 

containing afferents, although it is not clear whether these are in the same fibres or 

separate (Grudt and Henderson, 1998).

GABA appears to have a role in the modulation of the incoming EPSPs, for example, 

spinal administration of the GABAa receptor antagonist enhances response of dorsal 

horn neurones to touch and activation by Ap fibres, and decreases the threshold for 

activation by innocuous mechanical stimulation (Sivilotti and Woolf, 1994).

There are two main sources of spinal GABA The first is from the GABAergic 

intemeurones, which are thought to be the principle source of GABA in the dorsal 

horn (Todd and Mckenzie, 1989). GABA, and receptors from GABAa and GABAb 

occur in high concentration in the superficial laminae of the dorsal horn (Bowery et 

al., 1987; Waldvogel et al., 1990). That GABA is involved in the modulation of 

nociceptive afferent information has been demonstrated in various ways. Firstly, 

treatment of neonatal rats with capsaicin, and the subsequent loss of a large 

proportion of C fibres, results in a significant loss of the presynaptic GABAa and 

GABAb receptors, which have been estimated to make up 20%-40% of the total 

numbers of receptors in the SG (Price et al., 1984; Singer and Placheta, 1980). 

Intracellular recordings from DRG neurones have demonstrated that both GABAa 

and GABAb receptors are present on the central terminals of A8 and C fibres 

(Desarmenien et al., 1984). There is some anatomical evidence for a presynaptic 

presence of GABA receptors, GABA immunoreactive axons and vesicle containing 

dendrites in the SG have been demonstrated to be presynaptic to the type I synapses
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arising from unmyelinated primary afferents neurones (Todd and Lochhead, 1990), 

and many of these presynaptic boutons contain both GABA and glycine (Todd and 

Spike, 1993).

This anatomical evidence appears to be contentious, as other studies demonstrate 

GABA immunoreactive vesicle containing dendrites to be more frequently situated 

postsynaptic to the primary afferent (Carlton and Hayes, 1990). These investigators 

have shown that primary afferents containing CGRP make synaptic contacts with 

the dendrites of GABAergic intemeurones (Carlton and Hayes, 1990; Hayes and 

Carlton, 1992), suggesting that GABA is released in the dorsal horn as a result of 

input from small diameter nociceptors (but not directly from the primary afferent). 

The GABAb agonist baclofen, inhibits both the spontaneous and evoked EPSPs 

recorded from SG neurones in slice preparations (Kangrga et al., 1991), and inhibits 

the C fibre evoked activation of dorsal horn neurones in vivo (Dickenson et al., 1985). 

Stimulation of primary afferent fibres in the dorsal root elicits polysynaptic 

inhibitory synaptic potentials mediated by glycine, acting at glycine receptors and 

GABA acting at GABAa receptors in the spinal cord SG (Yoshimura and Nishi,

1995). Application of glycine and GABAa antagonists result in the enhancement of 

the excitatory evoked responses recorded in SG neurones after stimulation of the 

primary afferent fibres (Grudt and Williams, 1994).

The second main source is from the spinal projections of the GABAergic neurones in 

the ventromedial medulla (Antal et al., 1996; Jones et al., 1991; Reichling and 

Basbaum, 1990). The antinociception from produced by these descending neurones 

can be antagonised by intrathecal (i.t.) administration of GABAa receptor antagonists 

(McGowan and Hammond, 1993). Other evidence shows that the activity in the 

bulbospinal pathway is increased during the development of acute inflammation 

(Schaible et al., 1991)
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Descending control, mainly through the dorsal lateral funiculus (DLF), carrying axons 

from the peri-aqueductal grey (PAG) via the nucleus raphe magnus (NRM) to the 

dorsal horn. The bulbospinal pathways arise from the nucleus paragigantocellularis, 

which also receives input from the PAG and also a noradrenalin input produced in 

the nuclei lateral to nuc paragigantocellularis (Fields and Basbaum, 1994). As well as 

transporting GABA to the dorsal horn these pathways transport much of the 

noradrenalin and serotonin (5HT) to the dorsal horn (Basbaum et al., 1982). The 

supraspinal effects of opiates are thought to work through this pathway, and the 

5HT rich bulbospinal pathway. Antagonists to both 5HT and NA block the 

analgesia produced by intracerebral morphine (Wall et al., 1979). Additionally 

iontophoresis of 5HT inhibits the response of dorsal horn neurones to noxious 

stimulation (Headley et al., 1978; Randic and Yu, 1976).

At the spinal level lumbar intrathecal injection of NA, causes a profound analgesia in 

nociceptive neurones (Headley et al., 1978), although at the level of the medulla, 

microinjection of a NA antagonist into the NRM produces analgesia, showing that at 

this level in the CNS, NA can inhibit the analgesia system (Hammond et al., 1980).
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1.3 Development of the spinal cord (an outline).

The first two postnatal weeks of development are particularly busy for the rat pup. 

Suddenly after birth it is subjected to a barrage of somatosensory stimuli. Its eyes 

only open towards the end of this period. There are also many other postnatal 

developmental changes occurring during this period, some of these, which affect the 

processing of somatosensory information, are highlighted below.

1.31 Anatomy

Peripheral innervation:
At lumbar levels in the spinal cord primary sensory neurones are generated from 

around El 1 to E l5, the smaller cells being formed last (Altman and Bayer, 1984; 

Nomes and Das, 1974). In the rat foetus the first A fibre afferent collaterals from the 

hindlimb grow into the spinal cord at embryonic day (E)14 were RT97 positive 

(Jackman, 1997). RT97 is expressed almost exclusively in large cells of the DRG in 

the adult rat (Lawson et al., 1984) and Jackman has constructed size frequency 

histograms from foetal tissue and confirms that this relationship is the same at E l8 

and in the neonate (Jackman, 1997).

The reorganisation of the peripheral terminals of cutaneous afferents still takes place 

for some weeks after birth, in contrast to that of the human where hair follicle 

afferent growth is complete by 5 to 6 months gestation. (Payne et al., 1991). Due to 

this continued growth in the rat neonates the density of hair follicles remains 

consistent, during the perinatal period.

A striking feature of adult hair follicles is their polyneuronal innervation where a 

single follicle can be innervated by up to 15 nerves (Millard and Woolf, 1988). 

During development this pattern is achieved gradually over the first three postnatal
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weeks. This is in contrast to the neuromuscular junction where polyneuronal 

innervation of end plates occurs initially and subsequently withdraws to leave one 

axon per end plate (Purves and Litchman, 1985).

Spinal cord development:
The spinal cord develops ventrodorsally, beginning with the motomeurones, the 

intermediate neurones, the deep dorsal horn projection neurones and finally the 

superficial neurones in lamina I and II (Altman and Bayer, 1984; Nomes and Das, 

1974). The axonal and dendritic growth of these SG neurones appears to have two 

phases (Bicknell and Beal, 1984), the first prenatally when projection and 

propriospinal neurones develop their axons and dendrites and the second postnatally 

where axodendritic growth takes place in the non projection neurones (the majority). 

Those collaterals positive to protein gene product (PGP) 9.5 and growth associated 

protein (GAP) 43 entered the spinal grey matter at El 5-El 6 in the rat foetus. All of 

theses early axon collaterals grew ventrally and laterally into the dorsal grey matter, 

locations consistent with la  and Ap fibres. Jackman’s (1997) results are consistent 

with those from previous studies (Fitzgerald et al., 1991; Mimics and Koerber,

1995; Smith, 1983).

Small diameter afferents, C fibres, reach the white matter over the dorsal hom by 

E l9, and their terminals can be seen entering lamina Hi by E20 (Fitzgerald, 1987b). 

Other investigators, using different markers shows roughly the same time course of 

growth (Jackman, 1997; Mimics and Koerber, 1995; Plenderleith et al., 1992; Smith,

1983), the most recent studies of Jackman show trkA positive fibres first detected in 

the superficial and lateral grey at El 7. TrkA is the tyrosine kinase receptor for NGF, 

and small diameter, unmyelinated afferentshavebeen shown to be dependent on NGF 

(

The muscle afferents reach the cord by E l3 and grow into the grey matter by E l5 

(Altman and Bayer, 1984; Smith, 1983; Vaughn and Grieshaber, 1973). The
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formation of synapses by primary afferents proceeds in a ventral to dorsal manner, 

with the terminations on the superficial cells being the last to develop (Smith, 1983). 

The presumptive large diameter A(3 fibres traverse the cord medially from the DREZ 

and curve ventrally through the superficial dorsal horn into laminae IV and V, where 

they turn back dorsally and send out arbours into Lamina III and II (Fitzgerald et al., 

1991; Maxwell and Noble, 1987; Ramon y Cajal, 1909; Scheibel and Scheibel, 1968; 

Smith, 1983). These dorsally directed branches are present during the first few 

postnatal days, and remain in the superficial laminae for about three weeks after birth 

in the rat (Fitzgerald et al., 1994; Mimics and Koerber, 1995). Whilst in the 

superficial laminae these myelinated afferents form synapses (Coggeshall et al.,

1996). The withdrawal of the central terminations to the deeper laminae is 

presumably due to competition from the maturing C fibres (Fitzgerald et al., 1994).

If most of the C fibres are destroyed by neonatal treatment with capsaicin, the A 

fibres remain in SG until adulthood (Shortland et al., 1990).

These collaterals grow into the spinal cord in a somatotopically appropriate fashion 

as described in the adult The somatotopic map of the central terminations of 

afferents is also established by birth (Fitzgerald and Swett, 1983; Smith, 1983;

Wilson and Snow, 1988).

The neurone specific protein NT75 is located in nerve terminals synapsing in the 

superficial laminae of the dorsal hom, in the adult rat spinal cord. In the neonatal rat 

lumbar spinal cord, synaptogenesis as measured by NT75 expression peaks at P4-5 

in the deep dorsal hom and P7-9 in SG (Cabalka et al., 1990). It should be noted that 

only some of these synapses will be those made between incoming primary afferents 

and the dorsal hom cells, although in adult cord dorsal rhizotomy, severely depletes 

the expression of NT75. Slow postnatal synaptic maturation may underlie the 

delayed onset of C fibre evoked spike activity in the dorsal hom until the second 

week postnatal, in the rat (Fitzgerald and Gibson, 1984; Fitzgerald, 1988; Hori and 

Watanabe, 1987; Jennings and Fitzgerald, 1998). In fact formation of C fibre
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synapses appears to be an entirely postnatal event. Synaptic glomeruli are not 

observed on C fibre terminals until P5 (Pignatelli et al., 1989).

1.32 Physiology

Behaviour:
The earliest, and least invasive, studies into the development of somatosensory 

physiology were behavioural studies. These show that that reflex responses to 

somatic stimuli begin at El 5 in the rat foetus (Narayanan et al., 1971). These reflexes 

change considerably over the postnatal period. A widely reported feature is that 

cutaneous reflexes in newborn rat kitten and human are exaggerated compared to 

those of the adult. Thresholds are lower, and the reflex muscle contractions last 

longer (Andrews and Fitzgerald, 1994; Angulo Y Gonzalez, 1932; Ekholm, 1967; 

Fitzgerald and Gibson, 1984; Fitzgerald et al., 1988; Lewin et al., 1993). Young 

kittens, rats and humans require only light touch to evoke a flexor reflex (Ekholm, 

1967; Fitzgerald et al., 1988), rather than the nociceptive stimulus required by the 

adults (Wilier, 1977; Woolf, 1983; Woolf, 1984).

Studies using electrical stimulation have shown that the RII component of the adult 

flexor reflex has an A(3 fibre low threshold input (Wilier, 1985; Woolf, 1985), but that 

this input is not activated by natural stimulation in the adult. It has been suggested 

that this low threshold component may be functional in the neonate (Andrews and 

Fitzgerald, 1994) and could account for the low thresholds of flexion withdrawal 

observed in the newborn. An in vitro study has shown that in young rat spinal cord, 

neonatal flexion reflex discharges due to myelinated fiber volleys were exaggerated 

when compared with those in the adult rats (Hori and Watanabe, 1987), although 

only the later components of the flexor reflex discharge, which were associated with 

recruitment of unmyelinated afferents, were depressed by morphine.
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Another explanation for the exaggerated flexor reflexes reported in the neonate is the 

delayed maturation of the descending inhibitory systems travelling in the dorso lateral 

funiculus. These are ineffective until P I0-12 and remain immature until P24, 

although they are present before birth, they do not extend collaterals into the grey 

matter of the dorsal hom until later (Fitzgerald and Koltzenburg, 1986). This finding 

is compounded by the delayed maturation of the SG intemeurones (Bicknell and 

Beal, 1984), and the report that there may be a deficiency in the neurotransmitters 

associated with this descending pathway 5HT (serotonin) and noradrenaline (NA) 

(Bregman, 1987). Further evidence for this delayed maturation of the descending 

inhibitory pathways comes from the report that stimulus produced analgesia from 

the peri-aqueducatal grey (PAG) is not effective until P21 (van Praag and Frenk, 

1991).

Studies examining the behavioural response to formalin, report that before P10 there 

is little organised response to an injection of the agent into the hindpaw (Guy and 

Abbott, 1992). Before P10, there is a withdrawal response, along with whole body 

jerks and squirming, after this age the responses became more specific to the injured 

paw and shaking and licking could be observed. The response to formalin has a ten 

fold higher sensitivity in neonatal rats compared to weanlings (Guy and Abbott,

1992; Teng and Abbott, 1998). Thresholds for withdrawal from heat stimuli are also 

lower in younger animals (Falcon et al., 1996; Lewin et al., 1993)

The use of the specific C fibre irritant mustard oil has been shown to elicit 

nociceptive responses from P5 (Jiang and Gebhart, 1998), although responses similar 

to those seen in adults could not be evoked before P34. An earlier study reports that 

mustard oil does not evoke the flexor reflex before P I0-11 (Fitzgerald and Gibson,

1984). These studies suggest that there is little organised C evoked response in the 

first postnatal week.

In vitro & in vivo preparations:
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Many of the physiological studies demonstrating the onset of functional central 

primary afferent connections have been done using in vitro preparations. Stimulation 

of the L4 dorsal root begins to produce long latency (probably polysynaptic) reflexes 

in the L4 ventral root (Kudo and Yamada, 1987; Saito, 1979), and long latency EPSPs 

in L4 motoneurones (Ziskind-Conhaim, 1990) between E l5,5 and E l6.

Monosynaptic reflex response was seen later E17.5-E18.5 (Kudo and Yamada,

1987). Postnatal studies, show the maturation of the afferent nerve components to 

the ventral root reflex. In the first postnatal week, in the rat, two peaks can be 

recorded and their latencies decrease in older animals, these are thought to be from the 

A(3 and AS fibres, only in the second postnatal week can a third longer latency wave 

(from C fibre) be seen (Fitzgerald et al., 1987).

In vivo recordings show that responses to electrical stimulation can be recorded in 

individual lumbar dorsal hom cells from E l7 (Fitzgerald, 1991a). Natural cutaneous 

sensory input from the hind paw begins to evoke dorsal hom activity at E19 

(Fitzgerald, 1991a). Initially receptive fields were small and response magnitudes and 

frequencies initially very low but, by E20, bursts of up to fifty spikes were recorded 

to a single pinch and some cells displayed responses that outlasted the stimulus by 

10-15 s (Fitzgerald, 1991a).

Whilst both mono and polysynaptic responses can be recorded from A afferents 

prenatally, both from the dorsal hom and ventral root (Fitzgerald et al., 1987; 

Fitzgerald, 1987c; Fitzgerald, 1991a), C fibre activation cannot evoke spike activity 

until the second postnatal week (Fitzgerald and Gibson, 1984; Fitzgerald, 1988; Hori 

and Watanabe, 1987; Jennings and Fitzgerald, 1998).

1.33 Pharmacology (Chemical Neuroanatomy)
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The expression and distribution of excitatory and inhibitory neurotransmitters and 

their receptors undergo significant postnatal changes in the first weeks after birth.

NMDA:

NMDA binding studies in the mouse lumbar spinal cord show that [3H] glutamate 
binding peaks around postnatal days 6-10 and is labelled fairly evenly throughout the 
grey matter until P10-P12 when labelling begins to increase in substantia gelatinosa 
(SG). The labelling then decreases in other areas so that the adult pattern is visible 
by P30 (Gonzalez et al., 1993). The affinity of receptors for NMDA and NMDA- 
induced elevations of [Ca2+]j are also markedly elevated in SG neurones in the first 
postnatal week while neither the AMP A response nor the resting [Ca2+]j show these 
developmental changes (Hori and Kanda, 1994).

NMDA receptors are likely to be heteromers, composed of subunits NMDA 
receptor 1 (NR1) and NR2 (Monyer et al., 1994; Tolle et al., 1993). Initial studies 
report that in the mature dorsal hom the predominant form of NR2 is NR2D, when 
this combines with NR1, it forms an NMDA receptor with lower Mg2+ sensitivity 
and slower kinetics (Monyer et al., 1994). The foetal dorsal hom expresses high 
levels of the NR2D subunit and low levels of the NR2B subunit. The NR2B subunit, 
when it combines with the NR1 subunit, forms NMDA receptors with fast kinetics 
and high Mg2+ sensitivity (Monyer et al., 1994). More recent single channel 
recordings from dorsal hom neurones have demonstrated that channels with different 
conductance levels are present. The proposed subunit construction of these channels 
includes units NR2A/B (higher conductance) and NR2D (lower conductance) 
(Momiyama et al., 1996). Most recently, in situ hybridisation and single cell PCR 
studies in the dorsal hom have shown that the most common subunit composition of 
NMDA receptor (a cervical levels) is NR1, NR2A, B and D, with the NR2A subunit 
predominating (Karlsson et al., 1997; Sjodin et al., 1997). Other brain areas and 
developing neurones, that include the NR2A subunit, have fast kinetics (Flint et al., 
1997; Monyer et al., 1994)

This lower sensitivity to the voltage sensitive Mg2+ block, in the adult, and 
embryonic dorsal hom, appears to be particular to this part of the CNS. It has been 
hypothesised that this is compensated for by having low levels of the GluR2 subunit 
of the AMPA receptor in the dorsal horn. AMPA receptors without the edited form
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of GluR2 have been shown to be Ca2+ permeable (Bumashev et al., 1992). Since Ca2+ 
permeable non-NMDA receptors are localised (in embryonic dorsal hom) with 
NMDA receptors, they can compete with the NMDA receptors, so compensating 
for the decreased Mg2+ sensitivity (Kyrozis et al., 1995). Of the total population of 
dorsal hom neurones, 30% that expressed Ca2+ permeable receptors also expressed 
GABA immunoreactivity, 24% glycine immunoreactivity and 4.3% NK-1 receptor 
immunoreactivity, demonstrating that these Ca2+permeable AMPA receptors are 
confined to specific neuronal populations in the embryonic dorsal hom (Albuquerque 
and MacDermott, 1998).

It should be emphasised that not all investigators report that neonatal NMDA 
receptors have a lowered sensitivity to Mg2+. In a study examining spontaneous 
activity in the dorsal hom, a dramatic decrease in this activity was noted in younger 
preparations after the addition of ImM MgCl2. (Abdul-Razzak et al., 1994). A 92% 
reduction was reported at P6, 68% at P10, 48% at P16 and 13% at P28, there was 
not reduction in the adult.

AMPA:

Afferent fibre activation of adult dorsal hom cells involves glutamatergic AMPA 
receptors (King et al., 1992) and these are also more widespread in the developing 
spinal cord compared to the adult. The subunit composition of the non-NMDA 
receptor in the neonatal spinal cord maximises non NMDA Ca2+ influx into the cell 
(Jakowec et al., 1995a).

AMPA receptors are thought to function as a pentameric ion channels made up from 
a combination of the subunits GluRl, GluR2, GluR3, GluR4 (Wenthold et al., 1992). 
In the mature spinal cord the distribution of these receptor subunits is largely 
confined to the superficial dorsal hom, motor neurones, and areas that contain 
preganglionic autonomic neurones (Tachibana et al., 1994). At the mRNA level 
GluRl and GluR2 are dominant in the dorsal hom and GluR3 and GluR4 are 
dominant in the ventral hom, indicating that subunit composition the AMPA 
receptors regulating motor neurones is different from that of the AMPA receptors in 
the spinal sensory neurones. (Furuyama et al., 1993).
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The expression of these subunits is developmentally regulated (Jakowec et al.,
1995a). GluRl and GluR2/3 stain strongly in the SG, but also in cells throughout the 
grey matter, in young postnatal animals. GluR4 is seen in large multipolar cells 
throughout the grey matter. GluRl reaches a maximum value at P7, and GluR2/3 
between P7 and PI4, after which levels decrease to the adult values (Jakowec et al., 
1995b). Quantitative autoradiography, shows an overshoot, in expression, of 140- 
170% of adult levels, in several brain structures (Standley et al., 1995). Different 
combinations of the subunits infer different functional properties to the receptor. 
Absence of the edited form of GluR2, in particular, makes the receptor more 
permeable to Ca2+ and monovalent cations, and this subunit decreases during the first 
postnatal month, suggesting that older cells have less protection from the neurotoxic 
effects of Ca2+ influx (Standley et al., 1995).

In addition, the receptor subunits exist as Flip and Flop splice variants (Sommer et 
al., 1990). These variants impart different pharmacological and kinetic properties on 
currents evoked by glutamate or AMPA, but not those evoked by kainate.
Glutamate activation of the receptors containing the flip variant produces more 
current than those containing the flop variant (Sommer et al., 1990). The 
predominant mRNA in the rat lumbar superficial dorsal hom is the Flip variant of 
GluR2 (Furuyama et al., 1993; Tolle et al., 1995). There were lower levels of GluRl- 
Flip in lamina I and the superficial parts of II outer (Tolle et al., 1993). During 
development, mRNA for the AMPA subunits are expressed prominently before 
birth, and expression of the Flip variants of GluRl-4 is constant until P14 (Monyer 
et al., 1991). The Flop variants are expressed at low levels at P0, and increase 
consistently to reach a peak between P8 and PI4.

mGluR:

Metabotropic glutamate receptors (mGluR) mediate their modualtory responses by 

coupling to guanine nucleotide binding proteins and are thought to be contribute to 

acute or long-lasting modulation of synaptic transmission in the CNS (Conn and Pin,

1997). An insitu hybridisation study (using radioactive oligos) in the spinal cord 

demonstrates that in the adult spinal cord mRNA for mGluR subtypes 1,3,4,5 and 7 

were differentially expressed (Berthele et al., 1999). Transcript for mGluRl and 5 

were most abundant and the mGluR5 mRNA was found predominantly in the
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superficial dorsal hom. In the neonate however, there were age related changes in the 

expression. Transcripts for mGluRl and 7, showed a general decrease in expression 

over the first three postnatal weeks, mGluR3 and 5 were expressed strongly in the 

superficial dorsal hom, but also decreased with age (Berthele et al., 1999). An earlier 

immunoblotting study showed that mGluR5 receptor protein levels were higher at P8 

than in the adult rat, and levels could also be discerned at E l5 (Valerio et al., 1997). 

mGluR5 immunostaining was also present in human spinal cord, confined to laminae 

I and II, strongly suggesting that this receptor has a role in somatosensory processing 

in both the adult and neonate (Valerio et al., 1997).

Silent synapses:
In the developing hippocampus and spinal cord, there are many glutamatergic 

synapse that have only NMDA receptors. (Malenka and Nicoll, 1997). This poses a 

problem, as the voltage dependent Mg2+ block is present from birth (Bardoni et al.,

1998). Their activation, and the subsequent cascade of events is thought to activate 

AMPA receptors, so as to make a functional glutamatergic receptor at resting 

membrane potentials. This has been achieved in the neonatal hippocampus with a 

brief high frequency stimulus, sufficient to induce LTP (Durand et al., 1996). This 

subject is fully covered in section 4.22.

Neuropeptides:
Both substance P(SP) and somatostatin are present before birth in the dorsal hom 

and the DRG, and their levels increase considerably in the second postnatal week 

(Senba et al., 1982), confirmed by a immunostaining study, which shows that both 

calcitonin gene related peptide (CGRP) and SP are present in the dorsal hom by P4 

but only reach adult intensity at around P10 (Reynolds and Fitzgerald, 1992). 

Somatostatin and galanin also show this type of expression (Marti et al., 1987).

Levels of SP are regulated by NGF and application of excessive NGF to newborn rat 

pups results in an upregulation of SP in the DRG (Goedert et al., 1981). The onset 

of NGF expression in the skin coincides with the onset of SP expression in the
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cutaneous sensory neurones. In fact, there is a second postnatal surge of NGF 

production (P21), and again corresponds with an upregulation in SP levels 

(Constantinou et al., 1994). Administration of excess NGF (centrally) in neonatal 

rats causes hypersensitivity and decreased nociceptive threshold, perhaps due to an 

increase in SP, and its central effects (Lewin et al., 1993).

Maximal density of the NK-1 receptors is in the first and second postnatal week, so 

that at age P60 (adult), the cord has one sixth the binding sites that it had at PI 1 

(Charlton and Helke, 1986). In the newborn rat the distribution of NK-1 receptors is 

inverse to that found in the adult. The newborn cord shows a paucity of SP 

receptors in the superficial dorsal hom, and the high density of receptors in the region 

which is characteristic of the adult is not seen until the second postnatal week 

(Charlton and Helke, 1986; Kar and Quirion, 1995). The function of these receptors 

may not be as straightforward as it first appears, i.e. that an adult type nociceptive 

response can only be evoked in the second postnatal week, as a result of the 

appropriate excitatory receptor distribution. In a study of rats aged P12-P20, the 

NKI receptors in SG are shown to be on the dendrites from laminae III & IV that 

project up through laminae II to reach lamina I, rather than on the lamina II neurones 

themselves (Bleazard et al., 1994)

GABA:
GABA is one of the earliest neurotransmitters detected by immunohistochemistry in 

the developing central nervous system. GABA immunoreactivity (GABA-ir) is 

observed at E l3 in the brainstem and diencephalon and cerebral cortex by E l4 

(Lauder et al., 1986; Van Eden et al., 1989). In the spinal cord GABA-ir is first seen 

at E 13 in the cervical region, and only in fibres in the ventral root, ventral funiculus, 

ventral commisure and dorsal root entry zone (DREZ). At this age there are no cell 

bodies stained, although, K2 antiserum against GAD67 related protein stains the fibres 

mentioned and cell bodies in the neuroepithelium and presumptive ventral hom. By 

E l4 GABA-ir can be seen in the cell bodies of cervical motoneurons. At El 5-17
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GABA-ir expands dorsally staining medial areas first and lamina I neurones before 

neurones in the deeper dorsal hom. Peak intensity of the stain is reached by El 8/19, 

and by the end of gestation in the rat (21.5 days) there is a decline in the ventral hom 

immunoreactivity, with no motor neurones showing GABA-ir at birth, in the cervical 

region, although they can still be seen in the lumbar region. This trend continues so 

that by P28 there is a dense band of GABA-ir in lamina II with moderate 

immunoreactivity in laminae I & III, with a little little diffuse staining ventral to 

lamina III and none in motor neurones (Lauder et al., 1986; Ma and Barker, 1995; Ma 

et al., 1992; M aetal., 1993).

The pattern of GABA expression follows the ventral to dorsal gradient of 

neurogenesis revealed by 3H-thymadine radiograms (Altman and Bayer, 1984; Nomes 

and Das, 1974), except that in the dorsal hom, GABA-ir is seen in the long projecting 

relay neurones of lamina I, before it is seen in deeper laminae of the dorsal hom. This 

quirk might be explained in terms of an hypothesis put forward by Altman and 

Bayer, 1984. They postulated that during neurogenesis the long projecting relay 

neurones of lamina I are located on the dorsal lateral surface of the cord between El 3 

and El 5. For the next two days they are “tied” to the central canal by roof plate glial 

fibres and become scattered in the dorsal most layer of the spinal cord in a 

semicircular position around the dorsal hom. If this is the case then the large relay 

neurones of lamina I express GABA prior to the later generated small intemeurones 

of the deeper dorsal hom (Ma et al., 1992).

GABAa receptors develop in approximate spatiotemporal synchrony with the 

GABAergic pathways in the rat brain (Schlumpf et al., 1992). The co-ordinated 

development of GABAergic pathways and GABAa receptors has lead to speculation 

that GABA may modulate the expression of its own receptor (Schousboe and 

Redburn, 1995). There is in vivo and in vitro evidence to support this. Chronic 

prenatal exposure to GABAa antagonist differentially regulates expression of 

individual mRNA transcripts encoding GABAa receptor subunits in the foetal rat
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brainstem (Liu et al., 1998), consistent with other data showing that individual 

subunits can be differentially regulated (Morrow, 1995; Poulter et a l, 1992).

Opiate:
Opiate receptors also show developmental differences in their expression. Both the 

p and k  receptors are present at birth, whilst the 5 receptor is first seen at P7 in the 

rat (Rahman et al., 1998). At birth the distribution of p receptor is diffuse 

throughout the cord, binding peaks in the first postnatal week and then decreases to 

adult levels. The distribution of the receptors sites gradually regresses and only 

occupies the superficial dorsal hom (Kar and Quirion, 1995; Rahman et al., 1998).

The distribution of the 8 receptor remains diffuse, equally spread between the 

superficial and deep laminae of the dorsal hom. K receptor binding also remains 

diffusely spread throughout the dorsal hom (Rahman et al., 1998).The functional 

sensitivity to spinal morphine, appears to be only partly determined by the number 

and distribution of p receptor binding sites. Another factor could be inefficient 

coupling of the receptors to second messenger G proteins (Thornton et al., 1998). 

GTPase activity and both G0 and Gj subunits have been demonstrated in postnatal 

rats (Windh and Kuhn, 1995), although it is still not clear what percentage of the p 

receptor population is efficiently coupled to the G proteins, during postnatal 

development (Thornton et al., 1998). In fact, large numbers of uncoupled p receptors 

have been reported in the endoplasmic reticulum of neonatal rats when compared to 

adult rats (Bern et al., 1991), and receptor ligand studies are likely to include both 

coupled and uncoupled receptors.

The cutaneous somatosensory system of the neonate is different from that o f the 

mature rat in terms of anatomy, pharmacolokgy and physiology. The aims o f this 

study were to examine the A-afferent evoked avtivity in the dorsal hom during the 

time when the low threshold A(3 terminate in the superficail laminae (fitzgerald et al., 

1994) apparently forming synapses (Coggeshall et al., 1996).
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Chapter 2:

General Methods

2 .1  Laboratory Animals

Sprague-Dawley rat pups of both sexes, with postnatal ages 3 days (P3), P6, P10, 
P21, and P30, (where PO is the day of birth) were obtained from the University 
College London animal house for use in these experiments.

2 .2  General Preparation for the physiological experiments

Pups were weighed and anaesthetised with 2.0mg/kg urethane (intra- peritoneal (i-P-X 
ethyl carbamate; Sigma). Once the pups were areflexic, a tracheostomy was 
performed and the airway cannulated with a plastic tube with a snug fit (Portex-FG 
3-5), and securely tied into the trachea with surgical silk (Mersilk 3/0 (Ethicon)). The 
pups were then set up in a small animal Kopf stereotaxic frame, with the head 
(earbars-non traumatic) and pelvis firmly held, and kept warm with an electric 
blanket placed under them. Electrodes for a two lead ECG were attached and the 
heart rate did no drop below in the range 350bpm for the duration of the experiment. 
The tracheal cannula was attached to the ventilator (an intermittant flow lung 
ventilator-Harvard Apparatus) set at a rate of 76 cycles per minute, and the pups 
were paralysed with Flaxedil (gallamine triethiodide; May and Baker Ltd.) 0.1ml i.p. 
This prevented instability in the preparation from reflex movements due to electrical 
stimuli. In the younger animals stability of the preparation was particularly difficult 
to ensure, as their bones are incompletely ossified and the stabilising bars and clamps 
are therefore less firmly attached. Urethane has been shown to be an effective 
anaesthetic for this type of study (Maggi and Meli, 1986), giving anaesthesia for at 
least 8 hours. These experiments never lasted more than six and after four hours, 
when the effects of the Flaxedil had worn it was possible to confirm that the urethane 
was still effective, even in the late parts of the experiments.
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2 .3  Surgery

A lumbar laminectomy was performed, giving access to the dorsal surface of the 
lumbar enlargement of the spinal cord. The dura mater (and arachnoid) was slit over 
the area of the exposed cord and warm mineral oil (Sigma) was put onto the cord to 
prevent it from drying out. The upper thoracic cord was clamped near the rostral end 
of the laminectomy by fine forceps attached to the Kopf frame, for extra stability. 
Finally the hind limbs were supported with a suture under the archilles tendon, this 
was to reduce the movement artefact when applying natural stimuli (brush and pinch) 
to the hind foot. Glass covered platinum coated tungsten microelectrodes (tip 
diameter ±lpm , tapering to 4pm. Tip length 10-15pm. Impedence l-2Mf2) (Merrill 

and Ainsworth, 1972) were used for recording. They were bought from Alan 
Ainsworth (who now works privately ^ ‘Ainsworb?'-London)). The electrodes were 
attached to a Neurolog (Digitimer) head stage mounted on a microdrive (New Brain- 
Digitimer). The recording electrode was lowered onto the surface of the dorsal hom 
and the reference electrode put into the muscle alongside the laminectomy. The depth 
of the cells from the surface of the cord was measured from the microdrive. Using 
this method cells were grouped into those recorded in the superficial dorsal hom (I & 
II) and those recorded in the deeper dorsal hom (III, IV & V). As the cord grows 
significantly during ages examined in this study the superficial/deep boundary 
changed with age. The boundary values were measured from Nissl stained lumbar 
cord sections from animals of the same ages as those used in these studies. The 
superficial laminae were defined as follows: 200pm from the dorsal surface of the 
spinal cord at P3 and P6, 250pm at P10 and 300pm at P21.

2 .4  Stimulation

Once a single cell had been localised, the receptive field was mapped out using touch 
as a search stimulus, starting with touch (with a finger), and brush (cotton bud), and 
then pinch (forceps), allowing some initial characterisation of the input modality of 
the cell. Electrical stimuli at intensities to excite A fibres only or both A and C fibres 
at different ages were delivered via transcutaneous pin electrodes, implanted into the 
centre of the receptive field, and were generated by Neurolog modules (pulse buffer 
(NL510), delay width (NL 402, and stimulus isolator (NL800)). These thresholds
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were determined from earlier dorsal root recordings and were within the parameters 
established previously in the laboratory (Fitzgerald et al., 1987; Fitzgerald, 1985a). 
The threshold for exciting axons with electrical stimulation is an inverse function of 
the diameter of the neurone (Willis and Coggeshall, 1991). In the younger animals, 
however, it was difficult to distinguish between the A(3 and AS response by latency, 

due to the general immaturity of the nerve fibres, including lack of myelination and 
small diameter in all axons. Here I refer to the A fibres collectively, with the 
threshold defined as the minimum electrical stimulus needed to produce a short 
latency response from the dorsal hom cell. All cells were also tested at higher 
stimulus intensities to test for a longer latency C fibre input.

In some experiments, trains of electrical stimuli were applied. The magnitude of the 
stimulus used in the train of stimuli was twice the magnitude that would evoke the 
first dorsal hom response. The train of sixteen stimuli was delivered at a frequency 
of 0.5Hz, (period determined by a Neurolog period generator (NL303)). It also 
allowed examination of the stability of the afferent evoked response by examining the 
“latency jitter”. The sizes of the evoked spikes recorded were typically in the range 
60 - 150pV.

2 .5  Recording Set-up

The recording rig, including oscilloscopes and Neurolog components, and the animal 
were all earthed to a single point. The evoked response from single dorsal hom cells 
were recorded with tungsten electrodes mentioned above, and amplified and filtered 
with standard Neurolog (Digitimer) modules. An AC preamplifier, amplified the 
response 2000 times. This signal was then filtered (upper limit, 75 kHz and the 
lower, 45kHz), and visualised on a digital storage oscilloscope (Gould-4041). It then 
passed through the spike trigger (NL200) level set on the Neurolog module NL200 to 
a MacLab/4s analogue/ digital interface (ADInstruments).

Three recording channels were used on the Maclab. The response channel, which 
received its input from the spike trigger (NL200), in the form of standard transistor- 
transistor logic signals, the threshold for the generation of these having been set on 
the spike trigger front panel, for each cell individually. The second channel was the 
stimulus channel, which received its input from the period generator (NL303). This 
signal was also in the form of standard TTL pulses. The same output from the period 
generator was used to drive the external trigger of the digital storage oscilloscope.
The third recording channel fed into the Maclab was the raw data channel. This
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channel received its input as an analogue signal from the Filter module (NL125) after 
the raw signal had been amplified by the AC pre-amp (NL104) and the high and low 
frequency filters (and the 50Hz notch filter) had been applied to this signal. Due to 
the size constraints of the subsequent computer files, the raw data channel was not 
active during all recordings occasions. The stimulus and response channels provided
the data for the calculation of the PSTH.

/

Analysis consisted of measurement of the latencies and magnitudes (number of 
spikes) of response and construction of a post stimulus time histogram (PSTH), a 
powerful way of demonstrating the temporal distribution of the evoked response 
(Budai, 1994).

Data were statistically analysed using the Student’s t test and ANOVA factorial. All 
data are expressed as mean ± SEM unless specified otherwise. (Staview: Abacus 
Concepts inc.)

Mid way through this study the lab acquired a new computer system for recording 
this data. The data prior to this time was recorded on chart recorder, although some 
records were recorded on an older, very unreliable computer system.

2 .6  Methods for inflammation experiments

The series of experiments on inflammation (Chapter 5) used the same basic recording 
set up, described above. The only change being that pups of only one postnatal age 
were examined (P10) and that only one cell was recorded from each animal. In early 
experiments, once a cell with a stable and well defined response to peripheral 
stimulation had been isolated, three sets of control stimulations (at twice the A fibre 
threshold) were delivered via pin electrodes in the centre of the receptive field (set 
being the train of sixteen stimuli 0.5Hz, 10 minute intervals were left between sets). 
If the magnitude of the evoked response was stable then the inflammatory agent 
(10pl of 1% carageenan subcutaneously into the plantar aspect of the hindpaw) was 
injected and the background firing activity and evoked response recorded every ten 
minutes for the length of the experiment. The inflammatory insult, caused local 
oedema and erythema. Because of this the method of delivering the electrical stimuli 
was changed to direct sciatic nerve stimulation via platinum wire hook electrodes, 
rather than to the hind paw via pin electrodes. The sciatic nerve was exposed just 
rostral to the popliteal fossa, freed from the underlying tissue and platinum wire 
electrodes hooked underneath.
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Chapter 3:

General characteristics of afferent evoked responses in 
neonatal dorsal horn cells.

/

3.1  introduction

In the rat foetus, A fibre afferents from the hindlimb grow into the spinal cord at 
embryonic day (E)15 before C fibres, which do not enter lamina II until E l 8-19 
(Altman and Bayer, 1984; Fitzgerald et al., 1991; Fitzgerald, 1987c; Jackman, 1997; 
Mimics and Koerber, 1995; Smith, 1983).

On growing into the dorsal hom, the central terminals of the low threshold A fibres 
penetrate up into the superficial dorsal horn, and remain there for the first three 
weeks of postnatal life, before gradually withdrawing to occupy laminae III-V as in 
the adult. Ultrastmctural studies show that whilst in the SG, (Fitzgerald et al., 1994; 
Mimics and Koerber, 1995) A fibre terminals form synapses (Coggeshall et al.,
1996). In addition, there are enormous postnatal changes in connectivity and 
pharmacology in the dorsal horn (this has been reviewed in chapter 1). These 
postnatal developmental changes in afferent fibre synaptic connections are likely to 
be reflected in a change in the pattern of afferent evoked activity in dorsal hom cells.

Only a few previous studies have looked at dorsal hom cell activity over the 
postnatal period. Dorsal root stimulation evokes polysynaptic ventral root activity 
at E l5.5 (Saito, 1979), while responses to electrical stimulation can be recorded in 
individual lumbar dorsal hom cells from E l7 (Fitzgerald, 1991a). Natural cutaneous 
sensory input from the hind paw begins to evoke dorsal hom activity at E l9 
(Fitzgerald, 1991a). The afferent input and receptive field properties of dorsal horn 
cells in the newborn rat and cat have been surveyed (Fitzgerald, 1985a; Wilson and 
Snow, 1988) and compared to the adult. A number of postnatal changes were 
observed including the delayed maturation of C fibre evoked activity spinal cord 
which does not evoke spike activity until the second postnatal week, although long 
lasting subthreshold depolarisations can be induced in the first week (Fitzgerald and 
Gibson, 1984; Fitzgerald, 1985a; Fitzgerald, 1988; Hori and Watanabe, 1987).
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The aim of this study therefore, was to examine the physiological responses of the 
superficial and deep dorsal horn cells to afferent stimuli during postnatal 
development. Since all such activity arises from A fibres in the early postnatal 
period, the study inevitably concentrates on activity evoked from this fibre group, 
especially in the context of the transient A fibre synapses in the neonatal superficial 
dorsal horn. The previously reported delayed maturation of the C fibre evoked 
response (Fitzgerald, 1985a; Fitzgerald, 1988; Hori and Watanabe, 1987) was noted 
in these experiments and will be included in this chapter. Some of the results in this 
chapter have been published (Jennings and Fitzgerald, 1998).
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3 .2  Results

3.21 General properties of extracellularly recorded units

175 single unit recordings were made from the lumbar dorsal horn at different 
postnatal ages; n=22 at P (postnatal day) 3, n=65 at P6, n=53 at P10, and n=35 at 
P21. Between one and five cells Were recorded from each pup. Cells were recorded 
from both superficial laminae I and II (< 200pm from the dorsal surface of the spinal 
cord at P3 and P6, < 250pm at P10 and < 300pm at P21) and from deeper laminae III 
to V. At P3, n=13 were from superficial laminae and n=8 from deep laminae; at P6, 
n=45 were superficial and n=12 deep; at P10, n=36 were superficial and n=12 were 
deep and at P21, n=20 were superficial laminae and n=l 1 were deep.

In addition, at P10 ten deep dorsal horn cells and three superficial cells and at P21 
three deep dorsal horn cells were recorded separately as controls for the inflammation 
experiments described in chapter 5. In these experiments afferents were electrically 
stimulated directly from the sciatic nerve at mid thigh level. Since latencies were 
quite different (due to the shorter conduction distances from cells stimulated from the 
hindpaw skin), the results from this group were not included in the main latency 
calculations. They have been used, however, for calculating the magnitude of 
response (number of spikes) at these ages.

3.22 Response to “natural” stimulation:

All cells were initially examined for their response to natural stimulation. A response 
to either brush (innocuous mechanical) or pinch (noxious mechanical) stimulation, 
was recorded for every cell. Cells were not tested for their responses to heat or cold 
stimuli. Background activity was generally absent when cells were initially isolated 
for recording. An example of the response of a deep dorsal horn cell at P21, to brush 
and pinch of its receptive field is shown in F ig 3.1.

Some of the recorded responses were noted to be either rapidly or slowly adapting. 
Rapidly adapting responses gave a burst response at the beginning of the natural 
stimulus and sometimes also at the end, (adapting to the stimulus for the duration). 
The slowly adapting responses fired spikes for the duration of the stimulus. Of the 9 
records made, 6 responses were rapidly adapting, following either pinch or brush, and 
3 responses were slowly adapting. These response patterns were not studied in
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detail here since it has already been reported that 28% of cells were rapidly adapting 
at P7-8 and 22% were rapidly adapting at P I4-15 (Fitzgerald, 1985a).

C o n v e r g e n c e

Dorsal horn cells responded to either brush or pinch, and in some cases to both brush 
and pinch of their receptive fields. Of the entire population of cells the responses to 
mechanical “natural” stimuli were as follows. 61% were responsive to light touch or 
brush only, 14% responded to high intensity mechanical stimulation such as pinch, 
giving a more intense response when pinched than when brushed. The remaining 
25% were responsive to both pinch and brush. The numbers of cells responding to 
these stimuli, at individual ages are shown below {Table  3 .1 ). The responses 
recorded from cells in the younger animals were mainly elicited by low threshold 
mechanoreceptors. There were few cells with convergent input in the first week of 
life, this gradually increased so that by P21 the percentage of neurones with 
convergent primary afferent input was similar to that seen in the adult (Fitzgerald, 
1982). These results confirm the postnatal trend in convergence reported by 
Fitzgerald (1985). See F ig . 3.2.

Brush Pinch Brush & 
Pinch

P3 (n=22) 20 1 1

P6 (n=65) 54 7 4

P10 (n=53) 22 12 19

P21 (n=35) 10 5 20

Table 3.1: Shows the modality of the stimulus to which cells responded.

R eceptive  F ie ld s:

The receptive fields of the cells used in this study were located on the distal hindlimb 
and all had cutaneous mechanoreceptive fields. Most of the receptive fields were on 
the plantar surface of the hindpaw in the tibial nerve dermatome. One of the cells, at 
P10, thatresponded to both pinch and brush, had different but adjoining receptive 
fields.

In order to calculate the size of the receptive fields the map of the peripheral field, 
recorded on the results sheet of each cell, was scanned into a computer (Adobe 
Photoshop). This program calculated the number of pixels in the scanned area of the 
receptive field image. A value for the number of pixels for the entire plantar surface
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of the hindpaw was similarly obtained, and the value calculated for the percentage of 
the plantar hindpaw that the receptive field occupied. Since the receptive field of the 
majority of cells was confined to this plantar surface, only these were used in this 
calculation (P3,19cells; P6, 43 cells; P10, 50 cells and P21, 30 cells). This method of 
calculating the receptive field as a percentage of the total plantar hindpaw area, has 
the advantage that the size of the foot (which changes considerably over this period), 
does not have to be taken into account. F ig  3 .3 shows the peripheral receptive fields 
of these cells.

F ig  3 .4 shows that at P3 the mean (±SE) peripheral receptive field occupies 50%±5.6 
of the plantar hindpaw. This value drops to 36%±2.9 at P6, 20%±1.9 at P10 and 
15%±1.6 at P21. The biggest change occurring in the first postnatal week. 
Comparisons of the mean and SEM of the percentage area values that the receptive 
field occupied, using the student t test yields the following results. Comparing P3 and 
P6 gives ap  value of 0.0397, comparison of the receptive field sizes at P6 and P10 
gives a p  value of <0.0001, and comparison of the receptive field sizes at P10 and 
P21 suggests that the modest decrease in area is not significant. This data confirms 
previous reports that the size of the peripheral receptive field decreases with age 
(Fitzgerald, 1985a).

This result is a reflection of the mean value for receptive field size at each age. There 
is some variance, where, for example a cell recorded from a P6 pup has a receptive 
field which occupies just one toe. The extent of this variation is shown in the 
frequency distribution histograms for this sample F ig  3.5.

3.23 Responses in response to electrical stimulation

Cells were also tested for their responses to electrical stimulation, via pin electrodes 
in the plantar surface of the hindpaw.

L a te n c ie s  o f  A f ib r e  e v o k e d  r e sp o n se s: sin g l e  s t im u l i

The spike activity evoked in individual cells to low intensity electrical skin 
stimulation (100fj.A-3.5mA, 50-200ps) sufficient to recruit A fibres was investigated 
at each postnatal age. The latency of response to A fibre stimulation was defined as 
the latency to the first spike after a single stimulus at twice the minimum threshold to 
evoke a response, presumably recruiting the larger A fibres. Fig. 3 .6  shows that this 
latency progressively decreased with age, in both superficial and deep cells. At P3,
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the mean latency of the A fibre evoked response was 33.1±2.78 ms (n=22), 
compared to 19.1±1.32 ms (n=65) at P6, 13.5±0.8 ms (n=53) at P10 and 7.3±0.3 ms 
(n=35) at P21. There was no significant difference between the mean A fibre evoked 
latencies of superficial and deep cells. F ig  3 .7 shows post stimulus time histograms 
of example cells at each of the ages examined in this study. It is clear that the 
latencies of the spikes evoked decrease with age.

Fig. 3 .6  also shows that the variation in the A fibre latencies within the population of 
recorded cells decreased with age. The standard deviation of the latencies was taken 
as a measure of the variation for this comparison (F ig  3 .8 ). The standard deviation 
for the total cell population at P3 was 12.8 compared to 10.0 at P6, 5.3 at P10 and 
1.9 at P21. Fig. 3 .8 shows that the A fibre evoked latency variation between 
superficial cells was consistently greater than that of the deeper cells in the dorsal 
horn, except at age P3 where the standard deviation for both the deep and the 
superficial cells was the same and both were very large. This in tercellu lar variation in 
latency, with the variation between latencies in the superficial dorsal horn and those 
in the deeper dorsal horn, presumably reflects the reported ventral-dorsal maturation 
of cells in the spinal cord (Altman and Bayer, 1984; Nomes and Das, 1974)

L a t e n c ie s  o f  A f ib r e  e v o k e d  r e sp o n se s: r e p e t it iv e  st im u l a t io n

Repetitive 0.5 Hz electrical skin or sciatic nerve stimulation, at twice the A fibre 
threshold leads to considerable variation in latency in the evoked response or ‘latency 
jitter’ of ind iv idu a l cells in the neonatal dorsal horn. Fig. 3 .9  shows this variability, 
expressed as the standard deviation of the latencies over sixteen stimuli, in both 
superficial and deep cells at P3, P6 and P10. Despite the variation in in itia l latency 
between individual superficial cells at P3, as shown in Fig. 3 .6 , repeated stimulation 
of these cells produces significantly less ‘latency jitter’ than deeper cells. A similar 
pattern appears at P6 but the difference is not significant at this age and at P10 the 
latency jitter is very much reduced in both superficial and deep cells.

L a t e n c ie s  o f  C f ib r e  e v o k e d  r e sp o n se s

The spike activity evoked in individual cells to high intensity skin stimulation (1- 
5mA, 500ps) which recruits both A and C fibre afferents was investigated at each 
postnatal age. No long latency spike responses were evoked in response to C fibre 
stimulation in pups aged P3 or P6, consistent with previous reports (Fitzgerald,
1988). Cells responding with long latency activity to a C fibre electrical stimulus
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were found in both superficial and deep laminae in animals aged P10 and P21. At 
P10, 35% of cells had a C fibre input with a mean latency of 97.65±4.44 ms (n=17), 
and at P21 the value was 32% with a mean latency of 107.0±10.12 ms (n=10).

I

M ag n itu de  o f  A fferent E voked A ctivity: single stimuli

F ig . 3.10 shows the mean number of spikes evoked by each of the stimuli in a train of 
sixteen stimuli, in the first 70ms following each stimulus. The mean response to the 
first stimulus of each was remarkably consistent between cells at a given age, as 
shown by the low standard errors. The mean values at P3, P6 and P10 were not 
significantly different at 5.1±0.6, 3.8±0.7 and 5.64±0.9 spikes per stimulus 
respectively. The mean evoked response was also not significantly different in 
superficial and deep laminae at each age. This is shown in F ig  3.11

C fibre evoked responses at P10 & P21 were weak, ranging from 1 to 4 spikes evoked 
by the first C fibre stimulus. In two of the cells that responded to pinch at P10, only 
0-1 spike was evoked with electrical stimulation, the other cells gave a greater 
magnitude of response.

M ag n itu de  o f  A fferent E voked A ctivity: repetitive stim ulation

F ig . 3.10 also illustrates that the mean number of A fibre evoked spikes did not 
significantly alter on repetitive stimulation at all ages. Despite the latency jitter 
illustrated in F ig . 3.9 the number of evoked spikes over sixteen stimuli stays 
remarkably consistent at P3, P6, P10. There is no significant linear relation between 
the number of spikes evoked and latency of response in cells at P3, P6 and P10 (see 
F ig  3.12). There is a tendency for cells at P6 with longer latencies, to have a greater 
magnitude of response, but the probability of the relationship between these 
parameters being greater than zero is p=0.8571 for superficial cells and p=0.1073 for 
deep cells. The sample size is quite small in P3, but still shows lack of a response 
pattern for the population of cells probably a reflection of the immaturity of the 
system, at this age. At P10, however the latencies of response to direct sciatic nerve 
stimulation, were remarkably consistent. The P10 data does not tie in with the 
variability of latencies when the animals were stimulated with pin electrodes into the 
plantar surface of the hindpaw, which is the data which has been used in the previous 
sections of this results summary. Stimulating the nerve at mid thigh level rather than 
using pin electrodes in the plantar surface of the hindpaw, shortens the conduction
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distance, so narrowing the variability in the system. Stimulating the nerve directly, 
may also eliminate or shorten and peripheral delay, such as receptor transduction 
time.
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3 .3  Discussion

The present study demonstrates that the postsynaptic activity evoked in neonatal 
dorsal horn cells by cutaneous afferents undergoes a number of developmental 
changes in the postnatal period. C fibre evoked postsynaptic spike activity is absent 
before P10 and therefore A fibre evoked activity is of particular importance. Despite 
long and variable response latencies at younger ages, A fibre input to both superficial 
and deep dorsal horn cells is robust and repeatable.

3.31 Afferent evoked responses:

It appears, therefore, that all the direct cutaneous evoked dorsal horn spike activity in 
the first postnatal week results from activation of A fibres. In the present study 
electrical stimulation of the receptive field allowed us to clearly identify low 
threshold A fibre evoked responses in both superficial and deep cells from P3 to P21. 
Previous studies involving dorsal root recordings of afferent volleys (Fitzgerald,
1985a; Fitzgerald, 1988) show that these responses were evoked by the large 
diameter, myelinated, A fibres. The mean magnitude of the A fibre evoked response 
does not change substantially over the postnatal period, but there are considerable 
changes in the response latencies, which are longer and much more variable in younger 
animals. These changes in response latencies have been noted in some recent 
developmental electromyogram (EMG) studies (Jiang and Gebhart, 1998). The 
authors observe that the latency of the early component of the EMG decreases with 
the increase in age of the animal, and reached a value similar to that found in the adult 
at PI 8. Once again this result is dependent on both conduction velocity changes and 
central delay.

To some extent the long latencies are due to low cutaneous afferent conduction 
velocities in the newborn which increase in the rat hindlimb from 3.0 m.sec'1 at P3 to 
over 18 m.sec'1 at P21 (Fitzgerald et al., 1987; Fitzgerald, 1985a).
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a)  C o n d u c t i o n  v e l o c it y  c h a n g e s

Factors that influence conduction velocity are (Waxman, 1980):

• degree of myelination
• axon diameter . *
• channel activity *
• temperature

Myelination:

Myelination is achieved, in the periphery, by Schwann cells wrapping around the 
axon in a series of spiral turns, a process which is functionally equivalent to 
increasing the thickness of the axonal membrane, by up to 94 times (Webster, 1971). 
The capacitance of a parallel-plate capacitor such as the membrane, is inversely 
proportional to the thickness of the insulating material, myelination decreases cm 
(capacitance per unit length of the axon), and thus also decreases racm (ra: axial 
resistance), resulting in an increase in conduction velocity (Kandel et al., 1991). (The 
rate passive spread of depolarisation during conduction of an action potential, varies 
inversely with the product racm).

In rat sciatic nerves there is no myelin at birth, it appears within 3 days and grows 
rapidly for two weeks, after this time more spirals turns are formed until the adult 
complement is reached (Webster, 1971). In Webster’s study, at PI, up to one 
complete spiral was observed; at P3, up to 4 spirals had formed; at P7, it was 28, and 
by P I6, it was 53. In the adult marginal sciatic nerve there were up to 94 myelin 
spiral turns (Webster, 1971). Others have observed that although there are Schwann 
cells along the axons at P0-P1 in the rat, they are isolated and with large gaps between 
them (Vabnick et al., 1996). Part of the process of myelin growth in the first 
postnatal week is for the Schwann cells to grow along the axon to decrease the gap 
between Schwann cells, and this process is likely to induce the clustering of Na+ 
channels (Vabnick et al., 1996).

There is some evidence that myelination follows a proximo-distal gradient (Vabnick 
et al., 1996). This might partly explain the variability of latency in the early postnatal 
rats, as the proximal part of the axons start to myelinate before the more distal parts.
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Axon Diameter:

There is a direct relationship between conduction velocity and core axon diameter. 
Axial resistance (ra) decreases in proportion to the square of axon diameter, whilst 
the capacitance per unit length of the axon (cm), increases in direct proportion to the 
diameter, the net effect of an increase in diameter is a decrease in raCm (Kandel et al., 
1991). The diameter of sciatic nerve fibres continues to increase until six months of 
age, with the largest fibres doubling in diameter between P5 and P20 (Webster, 1971), 
this age range falls within the parameters of my study, and will influence the 
conduction velocity.

Na+ Channels:

In addition to myelination, which is essential for saltatory conduction, the clustering 
of the Na+ channels at the nodes of Ranvier, is something which continues to mature 
during the first postnatal week. At PO there are very few fibres with Na+ channels, 
by the 1st day after birth there are some clusters of Na+ channels, and at the end of 
the first postnatal period most of the sites with Na+ clusters have nodal 
characteristics (Vabnick et al., 1996).

A study examining the developmental expression of sodium channel a-subunit 
mRNA (using non-isotopic insitu hybridisation) show the following (Felts et al., 
1997). Some of the cloned Na+ channel a-subunit transcripts show an early peak in 
expression followed by a down regulation in the spinal cord. This is true for channel 
III mRNA, NaG and Na6. It is interesting that PN1 was only found in the DRG 
(possibly this is only found in the CMS), this was continually upregulated over the 
period covered in the study (E17-P30) (Felts et al., 1997). The expression of PN1 
and NaG at P30, in the DRG, might provide the molecular correlate for the distict 
types of Na+ channels seen in the adult rat {Caffrey, et al., 1992}.

From E l7, both tetrodotoxin sensitive and resistant Na+ channels are present in the 
DRG. TTX sensitive Na+ channels were found on large light cells in the DRG and 
the TTX-insensitive Na+ channels were found on small dark DRG cells (Ogata and 
Tatebayashi, 1992).

The intemodal distance is likely to be continually changing during the postnatal 
growth of the axon and its myelin sheath. This intemodal distance does have some
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effect on conduction velocity, although in the healthy nervous system this distance is 
relatively constant. Differences are usually only seen in demyelinating disease and 
axotomy (Waxman, 1980).

Temperature:

The effects of temperature on conduction velocity have been observed in clinical 
studies, and are especially important in the limbs where temperature can vary by 
several degrees (Waxman, 1980). Conduction velocities in human subjects have been 
shown to decrease by 2.4m/s for every degree drop in temperature, in the range 29- 
38C (J.D. Hendricksen 1956, PhD Thesis, University of Minnesota; quoted in 
(Waxman, 1980)). To eliminate this variable, we attempted to maintain a constant 
temperature environment for these experiments, using a heated blanket with a feed 
back probe (chapter 2).

Depth o f cells:

Superficial cells generally displayed a wider range of response latencies to A fibre 
stimulation than deeper cells, while their ability to respond to repeated stimulation 
was superior, with lower 'latency jitter' than deeper cells. This is presumably either a 
reflection of the relative immaturity of the superficial cells and synapses (Bicknell 
and Beal, 1984), or a reflection of the transient nature of A fibre synapses in the 
superficial dorsal hom and their physiology (Fitzgerald et al., 1994; Mimics and 
Koerber, 1995).

b)  P o stn a ta l  m a t u r a t io n  o f  c en tral  sy n a p ses

Changes in the conduction velocities is likely to be only part of the explanation of the 
long latencies. As the cells that I recorded from were second order cells, the long 
response latencies are also likely to arise from prolonged central, synaptic delays and 
very slowly rising EPSPs in the neonatal dorsal hom. Such long central delays may 
also lead to the latency variation between cells particularly in younger animals.

Although little work has been done on the timetable of synaptogenesis in the dorsal 
hom, it has been reported that the peak of synaptogenesis for deep cells is P4-5, and
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that synaptogenesis peaks in the superficial dorsal hom in the second postnatal week 
(P7-9) (Cabalka et al., 1990). In the rat, the time period over which neuromuscular 
junction (NMJ) synapses form is about three weeks after the first neuro-muscular 
contact is made, so can be expected to continue well into the postnatal period (Hall 
and Sanes, 1993).
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Much of what is known of synaptogenesis conies from the large body of work on 
NMJ formation (Reviewed by: Hall and Sanes, 1993; Navarrette and Vrbova, 1993; 
Purves and Litchman, 1985). This system is different from CNS synaptogenesis in 
two ways:

1. In the CNS, the size of the synaptic contact zone rapidly reaches adult size 

and does not change significantly during synaptic maturation (Vaughn, 1989). This 

holds true for different regions of the CNS, and across species. The NMJ on the 

other hand, increases considerably, in size, during postnatal maturation (Banner and 

Herrera, 1986).

2. In the mature NMJ, there is one presynaptic axon to each muscle cell. 

Transmission in this system is know as “one-to-one”, as every action potential in the 

nerve leads to an action potential in the muscle fibre (Sargent, 1992). At the NMJ, 

the nerve terminal of the motor fibre, releases acetylcholine (ACh) as the 

neurotransmitter, following an action potential. This ACh then binds to the ACh 

receptors concentrated on the postsynaptic membrane, producing a potential, which 

in the NMJ is called the endplate potential (EPP). In the CNS, however, the major 

excitatory transmitter is glutamate. Glutamate opens postsynaptic cation selective 

channel. An important difference between EPSPs and EPPs is that the former are 

almost always below threshold, usually summing with other EPSPs allowing some 

integration to occur, whilst the EPPs are suprathreshold, apart from very immature 

synapses (Sargent, 1992)

Bearing these differences in mind, the factors that affect synaptic efficacy are:

• Transmitter release
• Rate of rise of depolarisations
• Channel properties
• NMDA receptors
• AMPA receptors
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Transmitter release:

Depolarisation of the presynaptic terminal causes voltage sensitive Ca2+ channels on 
the surface of the terminal to open and Ca2+ influx into the terminal. It is the influx of 
Ca2+ to the presynaptic terminal which triggers the release of transmitter by 
exocytosis at a region of the nerve terminal that directly opposes the postsynaptic 
membrane, the active zone (Katz and Miledi, 1967).

The transmitter is released in packages called quanta (Fatt & Katz, 1951) The 
number of quanta released in the developing NMJ are initially low (El 5-16), but 
increases as the synapse matures (Bennett and Pettigrew, 1974), although the quantal 
content in the first postnatal week, in the intercostals, was not significantly different 
to the levels at E l5-18 (Dennis et al., 1981), suggesting that in this system 
maturational changes are slow in the first postnatal week. This increase in quantal 
content is likely to be caused by the increase in the number of quanta available rather 
than a change in the probability of release (Robbins and Yonezawa, 1971). For the 
first few days after first neuro-muscular contact there is low quantal content, and the 
EPPs are subthreshold (Bennett and Pettigrew, 1974).

The ACh receptor channel properties also change during maturation. At immature 
endplate the channels have longer opening time than they do at mature endplates 
(Sakmann and Brenner, 1978). The change in channel opening time has now been 
attributed to the subunit composition of the channel reviewed by (Schuetze and Role, 
1987). The ACh receptor with the slow channel properties contains the subunit and 
those with the fast properties contain the subunit. The proportion of slow endplate 
channels decreases during early postnatal life. For example, in the developing soleus 
the percentage of slow channels decreases from 100% at birth to less than 20% at 
P21 (Sakmann and Brenner, 1978). There is a corresponding increase in the mRNA 
coding for the subunit, and a loss of mRNA coding for the subunit, over this time 
period (Brenner et al., 1990)
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Rate o f rise o f depolarisations:

The rate of rise of EPPs is slow at E14/15, as is the rate of decay, this becomes 
significantly faster after El 6 when clustering of the ACh channels begins on the 
postsynaptic membrane (Dennis et al., 1981; Redfem, 1970). Before E l6 
spontaneous EPPs have been recorded, whilst after this time EPPs need to be evoked 
(Bennett and Pettigrew, 1974).

In motoneurones, the amplitude of the average dorsal root evoked monosynaptic 
EPSP, does not change significantly during the first postnatal week, but the average 
latency and rise time of EPSPs decreases significantly over this same time period 
(Seebach and Mendell, 1996), so contributing the decreased central delay. The input 
conductance of motoneurones is observed to significantly increase when comparing 
two age groups P I-3 and P7-9 (Seebach and Mendell, 1996). Others (Fulton and 
Walton, 1986), suggest that this may be as a result of the growth of the 
motoneurones, during this time. These results are consistent with the reported la 
afferent monosynaptic reflex central delay in P3 lumbar cord of 5.7±0.5 ms and 
polysynaptic cutaneous reflex delay of 14.2±3.6ms (Fitzgerald et al., 1987).

Channel properties:

The rate of turnover of ACh receptors is also developmentally regulated, and is 
dependent on clustering at the endplate. In chick muscle, about one week after 
hatching, the half-life of both junctional and extra-juctional receptors is about 30 
hours. A few weeks later, then half-life of the juctional receptors has increased to 5 
days but that of the extra-junctional receptors remains about the same (Burden, 
1977). The function of the receptors in the developing muscle also changes during 
this period, the average channel opening time of the embryonic receptors is curtailed 
(Sakmann and Brenner, 1978).

NMDA:

NMDA receptor function has been reported to be transiently enhanced during early 
postnatal life in the visual cortex of kittens (Fox et al., 1991; Tsumoto et al., 1987), 
and this is thought to mediate plasticity during this period. The duration of NMDA 
EPSPs in the superior colliculus is longer in the early postnatal development than in
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older animals, although the amplitude of the EPSC does not change during 
development (Hestrin, 1992). The slow time course of the NMDA mediated EPSC 
in the early postnatal period can be explained either by the slow removal of 
transmitter from the synaptic cleft or by the intrinsic channel kinetics of the receptor 
(Hestrin, 1992; Lester et al., 1990). It has been demonstrated in the hippocampus, 
by looking at the effect of the NMDA antagonist AP5, that this slow time course can 
only be explained in terms of receptor kinetics (Lester et al., 1990).

The ESPC decay time decreases significantly during postnatal development in the 
superior colliculus. It is recorded as 213±57ms at age P10-P15, 127±79ms aged P16- 
P22, and 85±37ms in animals aged P23-P33 (Hestrin, 1992). These changes in the 
NMDA mediated EPSC reflect the changes in channel kinetics and are not influenced 
by transmitter release (ascertained by examining the miniature spontaneous EPSCs, 
which are thought to represent the release of transmitter packets at single synaptic 
contacts) (Hestrin, 1992). Changes in NMDA EPSCs may reflect developmentally 
controlled expression of NMDA receptor subunits (Moriyoshi et al., 1991). NMDA 
receptor mediated EPSCs have a role in governing activity dependent synaptic 
plasticity, as they allow Ca2+ influx at synaptic sites. The developmental change in 
kinetics of the receptor, means that the threshold for activation of NMDA EPSCs 
changes too. The immature NMDA receptor is permissive, requiring moderate 
activity to induce the formation of specific neuronal wiring, whilst the mature form of 
the receptor has an increased threshold of activation (Hestrin, 1992).

NMDA receptors are thought to be heteromers, composed of subunits NMDA 
receptor 1 (NR1) and NR2 (Monyer et al., 1994; Tolle et al., 1993). Inital studies 
report that in the mature dorsal hom the predominant form of NR2 is NR2D, when 
this combines with NR1, it forms an NMDA receptor with lower Mg2+ sensitivity 
and slower kinetics (Monyer et al., 1994). The foetal dorsal hom expresses high 
levels of the NR2D subunit and low levels of the NR2B subunit. The NR2B subunit, 
when it combines with the NR1 subunit, forms NMDA receptors with fast kinetics 
and high Mg2+ sensitivity (Monyer et al., 1994). More recent single channel 
recordings from dorsal hom neurones have demonstrated that channels with different 
conductance levels are present. The proposed subunit construction of these channels 
includes units NR2A/B (higher conductance) and NR2D (lower conductance) 
(Momiyama et al., 1996). Other brain areas and developing neurones, that include 
the NR2A subunit, have fast kinetics (Flint et al., 1997; Monyer et al., 1994)
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This lower sensitivity to the voltage sensitive Mg2+ block in the embryonic dorsal 
hom, appears to be particular to this part of the CNS. Not all investigators find this 
result. In a study examining dorsal root evoked spontaneous activity in the dorsal 
hom, a dramatic decrease in this activity was noted in younger preparations after the 
addition of ImM MgCl2. (Abdul-Razzak et al., 1994). A 92% reduction was 
reported at P6, 68% at P10, 48% at P I6 and 13% at P28, there was not effect in the 
adult.

AMPA:

The expression of the subunits making up the AMPA receptor is developmentally 
regulated (Jakowec et al., 1995a). GluRl and GluR2/3 stain strongly in the SG, but 
also in cells throughout the grey matter, in young postnatal animals. GluR4 is seen in 
large multipolar cells throughout the grey matter. GluRl reaches a maximum value at 
P7, and GluR2/3 between P7 and PI4, after which levels decrease to the adult values 
(Jakowec et al., 1995b). Quantitative autoradiography, shows an overshoot, in 
expression, of 140-170% of adult levels, in several brain structures (Standley et al., 
1995). Different combinations of the subunits infer different functional properties to 
the receptor. Absence of the edited form of GluR2, in particular, makes the receptor 
more permeable to Ca2+ and monovalent cations, and this subunit decreases during 
the first postnatal month, suggesting that older cells have less protection from the 
neurotoxic effects of Ca2+ influx (Standley et al., 1995).

Other Channels:

Early in development Ca2+ channels change from predominantly slow, low voltage 
activated, T type to predominantly N and L type, which transmit faster, but have a 
higher activation threshold (Barish, 1986). The precise characteristics of Ca2+channel 
in the presynaptic membrane of most vertebrate neurones is not known, as they do 
not correspond to either the L or T type (Sargent, 1992).

From E l7, both tetrodotoxin sensitive and resistant Na+ channels are present in the 
DRG. Their kinetics do not change considerably during development (Ogata and 
Tatebayashi, 1992).
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3.32 Maturation of receptive field properties: convergence and receptive fields.

C o n v e r g e n c e  o f  a f f e r e n t  in p u t  in  p o stn atal  d o rsa l  h o r n  c e l ls:

When examining the responses to natural stimulation low threshold inputs are 
dominant in the very young dorsal hom. In young animals, the percentage of cells 
with convergent input was only 6% but had increased to 57% by P21. This result 
agrees with a trend reported in an earlier study (Fitzgerald, 1985a). The small 
number of convergent neurones in the first two weeks probably reflects the 
maturation of synapses discussed above.

In light of the reported lack of C fibre synaptic connectivity before P5 (Pignatelli et 
al., 1989), and the reports that C fibre evoked responses cannot be recorded before 
the second postnatal week (Fitzgerald and Gibson, 1984; Fitzgerald, 1988; Hori and 
Watanabe, 1987; Jennings and Fitzgerald, 1998). Furthermore, reports of the 
presence of silent synapses in the dorsal hom first two postnatal weeks (Bardoni et 
al., 1998; Li and Zhuo, 1998), and that the peak of synaptogenesis in the dorsal hom 
is postnatal (Cabalka et al., 1990), suggest that this time is one of intense activity 
dependent plasticity, where appropriate synaptic connections between incoming 
afferent collaterals and dorsal hom cells, are the eventual survivors.

R e c e p tiv e  f ie l d s  o f  p o stn atal  d o rsal  h o r n  c ells .

One of the most striking results from this study is the decrease in size of peripheral 
receptive field with increasing age F ig s  3.3 & 3.4. This trend has been reported in a 
previous study (Fitzgerald, 1985a). The central terminal fields of primary afferents 
in the newborn rat dorsal hom, occupy the same medial/lateral, and rostro/caudal area 
as they do in the adult (Fitzgerald and Swett, 1983; Smith, 1983). The underlying 
cause of this phenomenon is likely to be in the maturation of the afferent input to 
individual dorsal hom cells.

Maturation o f the dorsal horn:

Axodendritic growth in superficial dorsal hom cells only begins in the postnatal 
period, in contrast to motoneurones, intermediate cells and deep dorsal hom 
projection neurones where maturation is well under way (Bicknell and Beal, 1984). 
This reflects the reported ventro dorsal gradient (Altman and Bayer, 1984; Nomes 
and Das, 1974). Synaptogenesis is also reported to follow this gradient with the
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peak of synaptogenesis occurring at P4-5, in the deep dorsal hom, and at P7-9 in the 
substantia gelatinosa (Cabalka et al., 1990). These studies highlight the immaturity of 
the superficial dorsal hom from an anatomical standpoint.

Cells in the deep dorsal hom have a higher cell resistance and action potential half 
width in the first postnatal week (P3-6 age group) than they do in the second (P9-16) 
(Hochman et al., 1997). Neurones were split into four groups based on their 
responses to current injection. There was no difference in the responses between the 
two groups. The subdivision of deep dorsal hom neurones into these groups has 
been used previously (Lopez Garcia and King, 1994), and the groups correlated with 
the primary afferent synaptic input, suggesting that membrane properties of deep 
dorsal hom neurones are functionally differentiated, from an early age (Hochman et 
al., 1997; Lopez Garcia and King, 1994).

Changes in receptive field size in the adult dorsal horn:

Receptive field sizes have been shown to increase again in the adult following a 
peripheral injury or inflammation (Calvino et al., 1987; Cook et al., 1987; Hylden et 
al., 1989; McMahon and Wall, 1984; Woolf and King, 1990). Furthermore animals 
that were treated with capsaicin, as neonates, have expanded receptive fields once 
they have grown up (Cervero and Plenderleith, 1987; Wall et al., 1982a; Wall et al., 
1982b). These changes in receptive field properties appear to be confined to WDR 
cells, and there is no change in the receptive fields of cells with an A fibre only input 
(Cervero and Plenderleith, 1987). In the neonate these large receptive fields are a 
property of dorsal horn cells of all modalities.

Additionally, following axotomy A fibres invade the superficial lamina in a process 
called collateral sprouting, thereby mimicking the ontogeny of A fibre development 
where A fibres are found in the superficial laminae for the first three weeks of rat life 
(Fitzgerald et al., 1994; Mimics and Koerber, 1995).

The capsaicin experiments point to an important role for C fibres in the maturation of 
appropriate dorsal horn connectivity. Along with the expanded peripheral receptive 
fields in the spinal cord, expanded receptive fields of barrel cortex cells have been 
reported, following treatment with capsaicin. Although cortical anatomy appeared to 
be the same following treatment, cells responded to more than one whisker (2-7), in
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contrast to the precise mapping seen in naive animals (Nussbaumer and Wall, 1985; 
Wall et al., 1982a).

3.33 Role of C fibres in the dorsal horn maturation

Although the C fibres enter the dorsal hom at El 8-19 (Fitzgerald et al., 1991; 
Fitzgerald, 1987b; Jackman, 1997; Konstantinidou et al., 1995; Mimics and Koerber, 
1995; Plenderleith et a l, 1992; Smith, 1983), the results here confirm that the 
functional maturation of C fibre evoked activity takes places over an extended 
postnatal period(Fitzgerald and Gibson, 1984; Fitzgerald, 1988; Hori and Watanabe, 
1987). The neurones in SG, which are the target neurones of the C fibre afferents, are 
the last to differentiate and mature in the spinal cord (Altman and Bayer, 1984; 
Nomes and Das, 1974), and it appears that the axodendritic growth in the region only 
begins postnatally (Bicknell and Beal, 1984). Furthermore, C afferent type terminals 
are not observed within the synaptic glomeruli until P5 (Pignatelli et al., 1989)

Administration of capsaicin at birth results in the death of the majority of C fibres, 
and this can be seen in the loss of the late wave from the cutaneous afferent volley, 
from P3 onwards (Fitzgerald, 1988). Despite this, evoked activity, from peripheral 
electrical stimulation in dorsal hom cells remains unchanged. This suggests that 
although both early and late (corresponding to A & C fibre) components of the 
afferent volley are present in the dorsal root of the neonatal rat, only the fastest, 
capsaicin resistant, large diameter, A fibre component is able to evoke dorsal hom 
activity (Fitzgerald, 1988).

Responses to noxious mechanical stimulation or chemical irritants, such as formalin, 
carageenan, CFA (complete Freund’s adjuvent), produce clear reflex activity and c- 
fos induction from birth although both of these stimuli also activate A fibres 
(Fitzgerald and Gibson, 1984; Jennings and Fitzgerald, 1996; Williams et al., 1990a). 
But the C fibre specific irritant, mustard oil, does not evoke the flexor reflex before 
P I0-11 (Fitzgerald and Gibson, 1984), suggesting that responses to pure C fibre 
inputs remain subthreshold until the second postnatal week (Fitzgerald and Gibson, 
1984; Fitzgerald, 1988). Other studies in the first postnatal week, examining the 
ventral root reflex (Fitzgerald et al., 1987), and the flexor reflex (in vitro) (Hori and 
Watanabe, 1987), fail to show long latency C fibre evoked responses.

This does not mean that there is no C fibre effect in the first postnatal week, but 
rather that there is no suprathreshold C fibre evoked activity. Further intracellular
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experiments are required to determine the exact nature of the subthreshold C fibre 
effect. Alternatively experiments in which C-fibre conditioning stimuli are 
administered, could lower the activation threshold, and allow the previously 
subthreshold responses to become suprathreshold.

It has been demonstrated that the slow component of the ventral root potential 
(VRP) is lost in neonates (aged P4) if they are given capsaicin 2 days previously.
This treatment with capsaicin has no effect on the fast component of the VRP (Akagi 
et al., 1985). This slow component has been shown to depolarise motoneurones in 
the first postnatal week (Brugger et al., 1990). The slower latency of this component 
when coupled the fact that it is lost after treatment with capsaicin, which causes the 
selective degeneration of small diameter primary afferents (Nagy and Hunt, 1982), 
suggests that it is evoked by C fibres. These studies have demonstrated depolarising 
C-fibre activity in the first postnatal week, from which we must surmise that there is 
subthreshold C fibre activity in the dorsal hom during this time.

Subthreshold C fibre responses would explain the potentiation of pinch responses 
seen following mustard oil (Fitzgerald, 1991b). Potentiated, EMG responses to 
electrical stimulation, after the application of peripheral mustard oil have been 
reported in neonatal rats from the age of P3 (Jiang et al., 1994). The authors conclude 
that since the hyperalgesia that they report, is most likely to be mediated by C- 
fibres, that there is some C- fibre functionality within the first postnatal week. They 
also report that the hyperalgesia increases as the rat matures confirming that the C- 
fibre input is immature in the first week. That theses experiments were performed on 
spinalised animals would suggest that one possible difference between these results, 
and those reported by Fitzgerald & Gibson (1984), is some form of descending 
influence onto this system that, in Fitzgerald’s experiments, masks the C-fibre 
activity in the first postnatal week. Fitzgerald & Koltzenburg (1986), have 
demonstrated that descending inhibition via the dorsal lateral funiculus (DLF), is not 
functionally mature until the third postnatal week, this study has not exhausted all 
the possibilities of descending influence, but does account for the main source of 
descending modulation of afferent input.

The cells of the substantia gelatinosa are the last in the dorsal hom to mature, with 
the axodendritic growth of the majority , the non projection neurones, taking place 
postnatally (Bicknell and Beal, 1984). The formation of synapses by primary 
afferents proceeds in a ventral to dorsal manner, with the terminations on the 
superficial cells being the last to develop (Smith, 1983).
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In addition, synaptogenesis in the rat has been reported to peak at P4-5 in the deep 
dorsal hom and P7-9 in the SG (Cabalka et al., 1990). This postnatal maturation of 
the SG is likely to be the anatomical basis for the reports that C fibre activation 
cannot evoke spike activity in the dorsal hom until the second postnatal week 
(Fitzgerald and Gibson, 1984; Fitzgerald, 1988; Hori and Watanabe, 1987; Jennings 
and Fitzgerald, 1998). In fact, formation of C fibre synapses appears to be an 
entirely postnatal event. Synaptic glomeruli are not observed on C fibre terminals in 
the SG until P5 (Pignatelli et al., 1989).

The studies presented here confirm this delayed maturation of the C afferent 
response and show that, even at P21, the percentage of dorsal hom cells that can be 
excited by peripheral C fibre activation is still relatively low. Further experiments 
using intracellular recording techniques are required to study subthreshold 
postsynaptic potentials in the first postnatal week.

When examining the functional connectivity of the dorsal hom one should also 
consider the transmitter/ receptor development. The presence and distribution of 
many neurochemical markers associated with C fibres, SP, CGRP, FRAP, and 
thiamine monophosphatase (Coimbra et al., 1986; Marti et al., 1987; Pignatelli et al., 
1989) do not attain their adult conformation until the second or third postnatal week. 
Substance P receptors are widespread in the neonatal cord and only become localised 
to the SG in the second postnatal week (Charlton and Helke, 1986; Kar and Quirion,
1995). Fluoride resistant acid phosphatase does not appear in the cord until birth 
and then only reaches full intensity after one week (Coimbra et al., 1986; Fitzgerald 
and Gibson, 1984). fi and k  opiate receptors are present at birth, whilst the receptor 

is only seen at P7 (Rahman et al., 1998). At birth the distribution of p receptor is 
diffuse throughout the cord, binding peaks in the first postnatal week and then 
decreases to adult levels. The distribution of the receptor sites gradually regresses 
and mainly occupies the superficial dorsal hom (Kar and Quirion, 1995; Rahman et 
al., 1998).

Fitzgerald has shown that there is a critical period for C fibre sprouting of the central 
terminals of dorsal roots following neonatal crushing of adjacent roots, at older 
postnatal ages or in adults this sprouting doesn’t occur (Fitzgerald and Vrbova, 1985; 
Fitzgerald et al., 1990; Fitzgerald, 1985b). This may be a marker of C fibre maturity, 
as the critical period for sprouting to occur is between birth and P10, which reflects 
the time for which there is no suprathreshold C fibre evoked activity. It has been
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suggested that this critical period may be linked to the developmental levels of GAP- 
43 (Fitzgerald et al., 1991). At birth there are high levels of GAP-43 mRNA present 
in the majority of spinal cord neurones and in all DRG cells. This persists until P7 
after which levels decline to adult levels which are reached at P21 (Fitzgerald et al., 
1991).

3.34 Development of inhibitory controls

The dosal lateral funiculus (DLF), only becomes functional in the second postnatal 
week in the rat (Fitzgerald and Koltzenburg, 1986), and the action of serotonin 
injected intrathecally has little antinociceptive effect until around the same age 
(Giordano, 1997). (See 4.33). In the adult rat model, expansion of the peripheral 
receptive fields of lumbar dorsal hom cells is seen following a lidocain block of the 
DLF (Ren and Dubner, 1996). This suggests that the large receptive fields seen in the 
neonate may be as a result of the lack of descending control in the early postnatal rat.

GABA is the most precocious neurotransmitter in the developing rat brain and is 
known to be released from developing GABA neurones (Lauder et al., 1986; Ma and 
Barker, 1995; Ma et al., 1993). Transient patterns of GABAa receptor subunit 
expression have been found in developing rat and primate brain (Ma et al., 1993; Ma 
et al., 1994). In the rat inhibitory neurotransmitters have also been shown to have a 
changing role with postnatal age, for example: Glycine depolarises rat hippocampal 
CA3 neurones at postnatal ages of less than four days old. In neonatal rats aged P5- 
7, glycine hyperpolarised these neurones, and in the adult it had no effect (Ito and 
Cherubini, 1991).

Iontophoresis of the GABAa antagonist, bicuclline, into the primary somatosensory 
cortex, results in the increase of receptive field size of the cells in layer IV of the 
cortex, where the barrel fields are usually seen, and recorded from (Fox et al., 1996). 
This suggests that both local inhibitory and descending control (Ren and Dubner,
1996), mechanisms may affect the receptive field size of dorsal hom cells.

Since the main excitatory and inhibitory systems are going through many changes 
over the neonatal period, they will exert considerable influence on the physiology of 
the system. One such manifestation will be discussed in much more detail in the 
following chapter.
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3.35 Methodological Issues:

The technique used here did not allow precise location of recording sites. Cell 
populations were therefore segregated into superficial and deep groups, on the basis 
of depth, as recorded by the microdrive. There can be problems with this. Even 
though the dura had been removed, there were occasions when the electrode would 
“dimple” rather than penetrate the cord, presumably due to other layers of meninges, 
or relative bluntness of the electrode. If these meninges apply resistance to the barrel 
of the electrode, when it appears to be entering the dorsal hom normally, then the 
microdrive will be over-reading the depth of the electrode. It would be more 
satisfactory to be able to mark the area recorded from, using a glass recording 
electrode and biocytin, for example.

There is also a possibility that the recordings in the superficial dorsal hom, are 
actually from the dendrites of deep dorsal hom neurones, rather than from the SG 
neurones. Care was taken during recording to maximise the spike height, of a single 
cell, by tracking up and down with the electrode. Also during the first postnatal 
week the dendritic arborisation is poorly developed, making this unlikely (Altman 
and Bayer, 1984).

The A-fibre evoked responses that we record could contain an A8 component, as 
well as involving Ap fibres. The stimulation was at twice the threshold to evoke the 

first response from the cell. Dorsal root recordings in the first postnatal week show a 
single A fibre and a separate C fibre peak, the second (A) peak only being discerned 
at P6-8 (Fitzgerald, 1985a). The changes in diameter and myelination of the 
peripheral nerves in the first postnatal week are small (Friede and Samorajski, 1968; 
Webster, 1971), making it difficult to distinguish between the types of A fibre input 
during this time. There were cells at all ages that responded to either pinch or bmsh 
or both, (to either low or high threshold mechanoreceptor stimulation), suggesting 
that both AP and A8 are active from P3. The total numbers of cells responding to 

high threshold mechoceptors very low at age P3 (9%), and P6 (16%), increasing to 
over 50% of cells at ages P10 and P21. This suggests that although the high threshold 
mechanoceptors and pathways are present from a young age, they are not fully 
functional until the second postnatal week.

Although the A fibres are shown to be anatomically present in the superficial dorsal 
hom for the first few postnatal weeks (Fitzgerald et al., 1994; Mimics and Koerber, 
1995), and there is ultrastructural evidence for synaptic formation whilst there
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(Coggeshall et a l, 1996), there is no direct physiological evidence that they are 
functional whilst in this temporary position. The A fibre responses that have been 
recorded here in the superficial dorsal hom, may all be polysynaptic. The 
immaturity of dendritic arborisation would argue against this in the first week 
postnatally (Altman and Bayer, 1984).

Cells were all recorded from the medial part of the lumbar spinal cord, as this area 
was easiest to access with the recording set-up as it was. As a result the majority of 
the peripheral receptive fields were in the tibial nerve dermatome, on the plantar 
surface of the hindpaw. These results therefore, are representative only of responses 
of neonatal cells in the medial half of the dorsal hom. The responses recorded in the 
lateral dorsal hom may be different.

The overall physiology of anaesthetised neonatal rats (and probably other mammals) 
is difficult to monitor and maintain effectively. Certainly strange responses were 
recorded from animals that died a few minutes later, although at the time the heart 
rate was within the normal parameters. These results were excluded from the study. 
Similar experiments occurring now in the lab use a mix of oxygen and air, and monitor 
PC 02. I monitored the general physiology of the neonate by recording heart rate 
alone.

Many anaesthetics appear to either depress or excite the neuronal responses of the 
spinal cord. Most depress the responses, urethane (which was the anaesthetic used 
in these experiments) is peculiar in that it can induce surgical anaesthesia with little 
effect on neurotransmission in subcortical areas and in the peripheral nervous system 
(Maggi and Meli, 1986).

3.4 Conclusion

This chapter focuses on the development of the afferent input to the spinal cord, and 
builds on earlier work by Fitzgerald (1985, 1988), and highlights some of the 
remaining unanswered questions.
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scale bar=10secs

Fig 3.1: An example of a cell from animal aged P21, 
demonstrating a very clear brush (b) response and long lasting 
response to pinch with and after discharge. This cell wound 
up to repetitive C stimulation, but showed no sensitisation to 
A stimulation.
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Fig 3.2:
Plot of the percentage of cells, at each age, responding to both pinch and 
brush, plotted against the age of the animal. This data is of the whole 
population of cells at these ages and includes cells in both superficial and 
deep laminae. Demonstratesthat there are many fewer cells with 
convergent input in the first postnatal week than later on in development. 
The percentage of convergent cells at P2 lis similar to that seen in the 
adult (Fitzgerald, 1982)



Fig 3. 3: Shows the peripheral receptive fields of cells recorded 
from, at different postnatal ages. See fig 3.4 & fig 3.5 for 
quantification of this data.
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Fig 3. 4: Plot of the mean receptive field size ± SEM(as a 
percentage of the area of the plantar surface of the hindfoot), for each 
age investigated. There is significant reduction over the first 10 days 
of postnatal life. Comparisons of the means and SEM for each age, 
using the student t test, yields the following values of p. For P3/P6: 
p=0.0397, for P6/P10, p<0.0001 and for P10/P21, p=0.093.



Fig 3.5: Frequency distribution plots for receptive field 
sizes at the postnatal ages examined. Note the decrease in 
variability of the the field sizes and the decrease in size (as 
a percentage of the plantar surface of the hind foot).
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Figure 3.6: Postnatal latencies o f A fibre evoked response.
Scatter plots showing the latency of the A fibre evoked response plotted against depth 
of the cell from the cord surface, for the different postnatal ages examined. The red 
triangles (*) represent deep cells and the blue squares (■) the cells in the superficial 
laminae. (The mean latencies ± SEM for the deep cells, at postnatal ages P3, P6, P10 
and P21 respectively are: 28.0+4.5, 17.9±1.2, 13.1+1.0, and 6.45+0.4. The latencies 
for the superficial cells are: 36.3±3.4, 19.4±1.2, 13.7+0.9, and 7.8±0.5).
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Fig 3.7: Typical examples of post stimulus time histograms (PSTH), showing 
the responses to a train of sixteen stimuli, at a frequency of 0.5Hz. Note the 
decrease in latency with age.
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Fig 3.8 : Postnatal variation in evoked latencies (sd).
The change in variation of response latency in individual 
cells on repeated A fibre stim ulation w ith  postnatal age. 
The variation is expressed as the s tandard  deviation of the 
m ean latency for the population of cells at each age.



Fig 3.9: Stability of evoked latency on repeated stimulation.
The “latency jitter” of dorsal horn cells at P3, P6 and P10. Latency jitter is the 
variation the response latency recorded from an individual cell, when comparing 
the evoked response to each stimulus in the train (16 stimuli at 0.5Hz). This is 
different to the variation in latency of the whole cell population at a specific 
age (Fig 3.8). Cells in the superficial dorsal horn are represented with the symbol (■), 
and those in the deep dorsal horn with (a) .
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Fig 3.10: Magnitude of the evoked response. 5
Bar charts of the mean±SEM number of spikes evoked by A fibre electrical stimulation j 
A train of sixteen stimuli was used (twice threshold, 0.5Hz). The P3 data is from 16 
cells, the P6 is a mean from 24 cells, and the P 10 data is from 12 cells.
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Fig 3.11: Mean ±SD number o f  spikes following train of sixteen stimuli 
(magnitude of the response) plotted against age. There appears to be no 
significant trend. The numbers beside each error bar represent the 
number o f  cells in each sample.
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Chapter 4

A fibre induced sensitisation

4.1 Introduction

The post-injury pain hypersensitivity of the flexion withdrawal reflex in animals 
(Woolf, 1983; Woolf, 1984), and pain sensations in man (LaMotte et al., 1983), are 
thought to relate to the increase in sensitivity of the nociceptors in the region of the 
injury (peripheral sensitisation) (Bessou and Perl, 1969; Campbell et al., 1979) and 
the increase of excitability of cells in the dorsal horn (central sensitisation) (Woolf, 
1983). “Wind-up” is one form of central sensitisation. This was first described by 
Mendell & Wall in 1965, who demonstrated that when a peripheral nerve was 
stimulated at sufficient intensity to evoke C fibre action potentials, then repeating the 
stimulus at low frequencies results in a progressive build up in the amplitude of the 
central evoked response. They termed this phenomenon “wind-up”, because the C 
evoked response appeared to do just that, with progressive afferent input volleys. 
(Mendell and Wall, 1965; Mendell, 1966).

Single unit dorsal horn studies have shown that wind-up is associated with an 
increase in the ongoing activity, expansion of the central (dorsal hom) receptive fields 
and a lowering of threshold of dorsal hom cells (Cook et al., 1987; McMahon and 
Wall, 1984). Wind-up has been observed in the dorsal hom cells of cat, rat and 
primate, and in ventral hom, trigeminal and thalamic cells (Chung et al., 1979; 
Kawakita et al., 1993; Mendell and Wall, 1965; Price et al., 1971; Woolf and King, 
1987; Woolf and Swett, 1984). It has also been reported in humans (pain sensations 
appear to wind-up on repeated noxious stimulation) (Kristensen et al., 1992; Price et 
al, 1994).

Many investigators have developed animal models of central sensitisation to 
peripheral stimuli, induced by chemical substances or lesions to soft tissue or 
peripheral nerves (reviewed by: Coderre et a l, 1993; McMahon et a l, 1993). The 
results from these experiments indicate that central sensitisation, in the spinal cord, is 
different from other forms of synaptic plasticity such as that reported in the 
hippocampus. Long term potentiation (LTP) in the hippocampus (Bliss and Lomo, 
1973), requires a brief high frequency input, and gives a potentiated response for a
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long period of time. Central sensitisation, however, is induced by low frequency 
(<2Hz) high intensity stimuli, and is manifest following a train of repetitive stimuli 
(Woolf etal., 1988; Woolf, 1996).

In the hippocampus, a second form of potentiation, short term potentiation (STP) 
has been reported (Bliss and Collingridge, 1993). This type of potentiation decays 
within and hour, whilst LTP can be sustained for much longer periods(Bliss and 
Collingridge, 1993). STP can be induced by lower frequency tetanus, whilst LTP 
requires a much higher tetanus (typically a train of 50-100 stimuli given at 100- 
400Hz). Both STP and LTP have also been reported in the spinal cord (Liu and 
Sandkuhler, 1995; Pockett and Figurov 1993; Randic et al., 1993; Schouenborg, 1984; 
Svendsen et al., 1997).

Despite their differences, there are many close parallels between central sensitisation 
and LTP (Willis, 1997). They are both activated in neuronal circuits, by glutamate 
acting at either ionotropic or metabotropic receptors, and the associated influx of 
Ca2+ appears to be important for both mechanisms.

A brief account o f the mechanisms o f  wind-up and central sensitisation:

At resting membrane potentials the NMDA receptor ion channel is blocked by a 
Mg2+ which prevents the influx of Na+ and Ca2+ ions (Mayer et al., 1984), so there is 
no current flow even if glutamate binds to the receptor. If the membrane is 
depolarised however, the Mg2+ ion is removed from the channel and allows the influx 
of Ca2+ and Na+, which further depolarise the cell.

In the spinal cord wind-up requires a train of low frequency stimuli. The long 
duration of the synaptic potentials, generated by C fibres (up to 20s) and low 
repetition rates mean that marked temporal summation can occur, leading to 
cumulative depolarisation, and this removes the Mg2+ ion block from the NMDA 
receptor ion channels (Thompson et al., 1990). The summation increases with each 
successive input, and generates a progressive increase in action potential discharge 
(wind-up) (Sivilotti et al., 1993). Wind-up has been shown to be dependent on 
NMDA receptor activation, with antagonists blocking it both in vivo and in vitro 
(Davies and Lodge, 1987; Dickenson and Sullivan, 1987; Thompson et al., 1990; 
Woolf and Thompson, 1991). Wind-up has also been shown to be blocked strongly 
by antagonists to NK2 (neurokinin A (NKA) receptor), and weakly by antagonists to 
NK! (the substance P receptor) (Nagy et al., 1993).
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Wind-up is just one manifestation of central sensitisation. Central sensitisation 
results in changes in receptive field properties: there is a reduction in threshold, an 
increase in responsiveness and spatial extent and the recruitment of naive inputs 
(Cook et al., 1987; Woolf, 1983; 1996). Central sensitisation is like wind-up, 
prevented by NMDA receptor antagonists (Woolf and Thompson, 1991; Ren et al., 
1992; Coderre & Melzack, 1992).

Cumulative depolarisation produces a large increase in intracellular Ca2+ directly 
through the unblocked NMDA channel (MacDermott et al., 1986), and indirectly 
through G protein coupled neurokinin receptor activation, and the subsequent release 
of intracellular Ca2+ stores (Heath et al. 1994). Increase in the intracellular Ca2+ leads 
to the activation of protein kinase C (PKC) and other kinases, and PKC acts on the 
NMDA receptor by phosphorylating it and partially removing the Mg2+ block (Chen 
and Huang, 1992). At normal resting potentials then, glutamate binding to the 
NMDA receptor will activate it. It is this increase in glutamate sensitivity that is 
thought to be responsible for the electrophysiological changes observed in central 
sensitisation, where inputs that were previously subthreshold begin to generate 
action potential discharges, altering the receptive field properties and making the 
whole system hypersensitive (Woolf and King, 1990)

In the adult spinal cord, and in vitro, wind-up cannot be elicited by the short duration 
A stimuli, as temporal summation cannot occur (Sivilotti et al., 1993). In the 
neonatal spinal cord, however this may not be true, since A fibre inputs terminate 
more superficially than they do in the adult {Fitzgerald et al., 1994; Mimics and 
Koerber, 1995}. In the neonatal rat, cat and human, the cutaneous flexion withdrawal 
reflex can be evoked by low threshold mechanical stimuli (Andrews and Fitzgerald, 
1994; Ekholm, 1967; Fitzgerald and Gibson, 1984; Fitzgerald et al., 1988), although 
the reflex has been shown to be purely nociceptive in the adult (Sherrington, 1910; 
Woolf, 1983).

In addition, c-fos can be induced by innocuous stimulation in the neonatal dorsal hom 
(Jennings and Fitzgerald, 1996). In the adult this requires noxious stimulation 
(Bullitt, 1990; Herdegen et al., 1991; Honore et al., 1995; Hunt et al., 1987; Lima et 
al., 1993; Menetrey et al., 1989; Williams et al., 1990b), except in cases of injury and 
inflammation, presumably once central sensitisation has been induced, where it can be 
induced by innocuous stimulation (Ma and Woolf, 1996).
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The study reported in this chapter examines the effects of repeated A stimulation 
upon the responses of dorsal hom cells in the neonatal rat.

Some of the data presented in this chapter has been published elsewhere (Jennings 
and Fitzgerald, 1998).
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4.2 Results

The following results were obtained from the same population of dorsal hom cells as 
described in chapter 3. Following initial localisation of each cell, and testing its 
modality to natural stimulation, mapping its receptive field and recording threshold 
and latency, the cells were then stimulated with a train of sixteen stimuli, at twice 
threshold (2T), at a frequency of 0.5Hz. Stimuli were delivered through pin 
electrodes placed in the centre of the peripheral receptive field on the hindlimb.

This stimulus paradigm could produce considerable sensitisation of the dorsal hom 
cells in the neonate. This sensitisation is illustrated in F ig  4.1. and took the form of a 
build up of background activity in the cells during repetitive stimulation that 
outlasted the stimulation period thereby producing a prolonged afterdischarge of up 
to 138 s. It was particularly apparent in younger animals and at P6, 19 out of 57 cells 
(33%) displayed background firing during, and a prolonged afterdischarge of 70.6±18 
s following repetitive A fibre stimulation. At P I0, 3 out of 48 cells showed this type 
of sensitisation (6%) with an after discharge of 63 s whereas at P21, it was not seen 
in any cells (n=31).

A fibre induced sensitisation was not accompanied by an increase in the direct A fibre 
evoked spike discharge (see Fig . 4.3). However, it can be seen in Fig . 4 .2 that, during 
the stimulation period, the sensitised units showed a significant increase in activity 
outside of this short latency evoked burst. The mean background activity during the 
stimulation period, measured in the 40-2000ms period between stimuli, was 2.6±0.16 
spikes in P6 sensitising cells, significantly greater (pO.OOOl) than the 0.4±0.04 
spikes in non-sensitising cells. At P10 there is a similar pattern, the mean 
background activity for sensitising cells was 15.7±0.84 spikes while that of non
sensitised cells was 1.3±0.13 spikes, another significant difference (pO.OOOl).

Repetitive C fibre stimulation at three times the C fibre threshold produced a classical 
'wind-up' as reported in the adult dorsal hom (Mendell and Wall, 1965; Mendell, 
1966; Woolf and Thompson, 1991; Woolf et al., 1988). This C fibre-induced central 
sensitisation was observed in 3 out of 17 cells at P10 (18%), and 4 out of 10 cells at 
P21 (40%). An example of “wind-up” recorded from a dorsal hom cell in an animal 
aged P21 is shown in Fig 4.4.
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4.21 Receptive field size.

In the adult, spinal cord cells that become wound up, following repetitive C fibre 
stimulation, have larger peripheral receptive fields than they did before becoming 
sensitised (Cook et al., 1987). The sizes of the peripheral receptive fields in this 
study, were not mapped out after the cells had displayed central sensitisation.

The initial receptive fields were measured, however, and showed no significant 
difference from their counterparts that displayed no central sensitisation. At P6 the 
mean (±SEM) peripheral receptive field size as a percentage of the plantar surface of 
the hindpaw, was 41.9±8.1 for those that became sensitised and 35.5±3.2 for those 
cells that did not. Comparing this data with an unpaired student t test reveals 
/?=0.4548, indicating no significant difference between these two results. At P10, 
there is also no significant difference between the size of peripheral receptive fields 
for those cells that showed sensitisation and those that did not. The mean (±SEM) 
receptive field size for cells which became sensitised at this age is 32.4±8.4 (n=2), the 
mean receptive field size cells which did not is 19.1±2.0 (n=48). The student t test 
gives £>=0.182.
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4 .3  Discussion

The major finding here is that, in contrast to the normal adult spinal cord, central 
sensitisation occurs in the immature spinal cord in response to electrical stimulation 
of large diameter A primary afferents and this disappears with postnatal maturation. 
The ability of some cells in the newborn to display long-lasting excitation to natural 
stimulation of receptive fields and for repeated natural stimuli to result in the build 
up of considerable background activity was reported in an earlier study (Fitzgerald, 
1985a), but this was not analysed quantitatively nor was the afferent component 
identified. This type of central sensitisation in the adult spinal cord is normally 
evoked by high intensity C fibre input.

4.31 “W ind-up” versus central sensitisation.

Low frequency, repetitive stimulation of peripheral nerves at C fibre strength results 
in wind-up, a progressive increase in the amplitude of the C-fibre evoked response 
and a build-up of background activity (Mendell and Wall, 1965; Mendell, 1966;). 
This is due to a progressive depolarisation of the postsynaptic membrane with each 
incoming C fibre stimulus and is not produced by A fibre stimulation in either adult 
cord in vivo or young P I2-14 cords in vitro (Thompson et al., 1990; Woolf and 
Thompson, 1991; Woolf et al., 1988). In adults, A fibre stimulation only produces 
such central excitability in pathological states, such as neuropathy or chronic 
inflammation (Neumann et al., 1996; Thompson, et al., 1994; Woolf and Doubell, 
1994). The results presented here indicate that in young neonates, where all C fibre 
evoked activity is subthreshold, repetitive A fibre stimulation can induce central 
sensitisation but that this is qualitatively different from wind-up. The magnitude of 
the evoked response remains unchanged with each progressive stimulus, only the 
background discharge increases followed by a prolonged afterdischarge that outlasts 
the stimulus. Wind-up is, however, only one manifestation of central sensitisation, 
which can be more generally described as an expression of increased excitability of 
dorsal hom neurones (Woolf, 1983).

4.32 The contribution of EAA and their receptors

If the A fibre induced sensitisation reported here is NMDA dependent, as has been 
reported for the C-fibre induced wind-up of dorsal hom cells (Davies & Lodge 1987; 
Dickenson and Sullivan, 1990; Woolf and Thompson, 1991), and the central
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excitability of the flexion reflex (Woolf and Thompson, 1991), these results may be a 
reflection of the ability of A fibre stimulation to activate NMDA receptors in the 
neonatal cord. The properties of the NMDA receptor in the postnatal spinal cord 
differ from those in the adult.

NMDA binding studies in the mouse lumbar spinal cord show that NMDA sensitive 
[3H] glutamate binding peaks around postnatal days 6-10 and is labelled fairly evenly 
throughout the grey matter until P10-P12 when labelling begins to increase in 
substantia gelatinosa (SG). The labelling then decreases in other areas so that the 
adult pattern is visible by P30 (Gonzalez et al., 1993). The affinity of receptors for 
NMDA and NMDA-induced elevations of [Ca2+]j are also markedly elevated in SG 
neurones in the first postnatal week while neither the AMPA response nor the 
resting [Ca2+]j show these developmental changes (Hori and Kanda, 1994).

NMDA receptors, in their resting state, have their ion channels blocked by Mg2+ in a 
voltage dependent manner (Mayer et al., 1984). In a study examining the 
spontaneous activity in the dorsal horn (extracellular recordings from an in vitro 
hamster lumbar spinal cord) Abdul-Razzak and colleagues (1994), have demonstrated 
a dramatic decrease in the spontaneously evoked activity in the younger preparations 
when ImM MgCl2 was added to the perfusate. At P6 MgC12 reduced the 
spontaneous activity by 92%, the effect of the MgCl2 was less in the older animals in 
an age dependent manner, and there was no effect in the adult. (P10 a decrease of 
68%, P I6 a decrease of 48%, and at P28 the decrease was 13%). When this result is 
paired with the observation that D-AP5 (a potent, specific NMDA antagonist) also 
significantly decreases this dorsal root spontaneous activity, in the same 
preparations, the authors conclude that this spontaneous activity, which is controlled 
by non-NMDA receptors in the mature cord, is under the control of NMDA 
receptors in the neonate. At older ages too, the addition of D-AP5 to the bath, 
causes a marked depression in the spontaneous activity in the cord, however, at 
younger ages, there is an initial short burst of increased activity followed by the 
marked depression (Abdul-Razzak et al., 1994).

In support of this, a recent paper examining the properties of cultured spinal cord 
neurones from P0 rats, defines a cascade of events that sustains spontaneous activity 
in these cells (Robert et al., 1998). The steps are: activation of NMDA receptors,
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activation of AMPA receptors and Na+ channel spiking. Blocking any of these steps 
results in a rapid decrease in the cells activity (Robert et al., 1998).

These reports of an enhanced role for NMDA in the postnatal spinal cord offer some 
evidence that this receptor may be the key to the form of central sensitisation 
reported here.

4.33 Silent synapses

In the last few years there have been a few reports concerning the role of “silent 
synapses” in activity dependent plasticity seen in the neonatal hippocampus and 
cortex (Durand et al., 1996; Isaac et al., 1995; Liao et al., 1995). Recently there have 
been some reports on these synapses in the dorsal horn (Bardoni et al., 1998; Li and 
Zhuo, 1998).

The pure NMDA EPSC has been proposed to be developmentally important (Isaac 
et al., 1995; Isaac et al., 1995; Liao et al., 1995). These can be recorded at sites where 
there are only NMDA receptors present. These sites are called silent synapses, as 
they are inefficient, and due to the voltage dependent Mg2+ block, do not appear to 
be fully functional at resting membrane potentials, although morphologically they 
appear normal (Malenka and Nicoll, 1997). This could be either as a result of a small 
postsynaptic current that fails to depolarise the postsynaptic cell to action potential, 
or from a cell with a normal postsynaptic current but with an increased threshold for 
action potentials (Li and Zhuo, 1998). To record from these cells investigators 
depolarise the membrane to +40 or +50 mV (Bardoni et al., 1998; Li and Zhuo,
1998). Silent synapses have been described in the hippocampus, NMJ, and cortex 
(Bardoni et al., 1998; Durand et al., 1996; Isaac et al., 1995; Isaac et al., 1997; Li and 
Zhuo, 1998; Liao et al., 1995; Malenka and Nicoll, 1997; Wu and Dun, 1997).

In the newborn rat dorsal horn, in vitro electrophysiological studies report that silent 
synapses are more abundant in the P2-10 age group than in the PI 1-17 group (Li and 
Zhuo, 1998). This trend has also been reported in the hippocampus (Durand et al., 
1996), and in the cortex (Isaac et al., 1997; Wu and Dun, 1997). Another 
electrophysiological study reports that, there is no significant change in the number 
of neurones expressing pure NMDA synapses in lamina II over the first two 
postnatal weeks (Bardoni et al., 1998), although the first two postnatal weeks may
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fall into the first age group in the Li & Zhuo study. By P8-9 silent synapses have 
disappeared from the somatosensory cortex (Isaac et al., 1997).

Low intensity stimulation was used to evoke synaptic responses from silent 
synapses in the superficial dorsal horn cells held at +40mV. The authors report that 
it is likely that only low threshold afferent fibres are activated, although they also find 
that these cells received inputs from high threshold afferent fibres (Li and Zhuo, 
1998). This is interesting for a number of reasons. This could suggest that 
superficial dorsal horn cells receive convergent inputs in the first two weeks of 
postnatal life, although there are polysynaptic A fibre inputs to the superficial dorsal 
horn in the adult (Willis and Coggeshall, 1991). More importantly, this paper 
suggests that the low threshold fibres in the superficial dorsal horn can be functional 
under some conditions (Li and Zhuo, 1998). Bardoni and colleagues report that the 
all pure NMDA EPSCs in their study had lower threshold for activation than those 
of mixed receptor EPSCs (Bardoni et al., 1998).

The presence of the synapses between superficial dorsal horn cells and the A fibres 
that transiently terminate in the superficial horn has been demonstrated in an 
ultrastructure study (Coggeshall et al., 1996), but these synapses had not been 
directly shown to have functional potential. The maturation of silent synapses (pure 
NMDA receptors) into fully functional mixed NMDA and AMPA receptors 
requires the addition of 5-HT, which the authors suggest would arrive from the 
rostroventral medulla (Li and Zhuo, 1998). The descending pathways of the dorsal 
lateral funiculus, which contain serotonergic fibres, only reaches the lumbar dorsal 
horn towards the end of the second postnatal week (Fitzgerald and Koltzenburg, 
1986), so the silent synapses in the superficial dorsal horn are unlikely to be changed 
into functional forms by serotonin, in the early postnatal period.

Other groups working in the hippocampus and cortex, have reported that the change 
from silent NMDA receptors, to functional NMDA receptors is activity dependent, 
(Durand et al., 1996; Liao et al., 1995). Furthermore there appears to be a degree 
autoregulation (Rao and Craig, 1997). This is not entirely surprising, considering the 
very large role that NMDA receptor mediated spontaneous activity is reported to 
play in the development of many CNS regions (reviewed by (Constantine-Paton et 
al., 1990; Hockfield and Kalb, 1993).
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Silent synapses in these experiments can be converted into functional NMDA 
receptors after a brief, high frequency stimulus, which is sufficient to cause LTP. 
These changes occur in the first postnatal week in the neonatal hippocampus 
(Durand et al., 1996). At PO there are no synaptic contacts in the neonatal 
hippocampus, by P2 82% of the EPSCs are mediated by pure NMDA receptors, and 
by P6 the authors often noted synaptic transmission at resting potentials, indicating 
that both AMPA and NMDA receptors present (Durand et al., 1996). Others report 
the presence of silent synapses in the second and third postnatal weeks in the 
hippocampus (Liao et al., 1995). In the young hippocampus Induction of LTP, does 
not necessarily cause the induction of AMPA. In one study 75% of cells stimulated 
showed both LTP and the induction of functional synapses, whilst the remaining 
25% of cells showed LTP only (Liao et al., 1995).

The induction of functional synapses and LTP are mechanistically similar. Once 
established the conducting synapse becomes a persistent element in the neuronal 
circuit and the newly established AMPA induced EPSC was constant throughout the 
remaining time of recording (Durand et al., 1996). The NMDA receptor mediated 
component was not affected by the synapse induction, the amplitude of the EPSC 
was similar before and after induction (Durand et al., 1996). This suggests that 
during synapse induction, the changes are entirely postsynaptic. Synapse induction 
could be blocked by buffering the intracellular Ca2+ or by perfusing the slice with D- 
AP5 (Durand et al., 1996). Synapse induction requires coincident activity at the pre- 
and post-synaptic sites, in line with Hebb’s rule of association (Hebb, 1949).

The theory is that in the neonatal hippocampus pure NMDA receptors are the only 
ones functional, at least at birth. It follows that a large proportion of transmission 
occurs at theses synapses. These synapses only transmit information when the 
post-synaptic membrane is depolarised, as the voltage gated Mg2+ is present from 
birth (Bardoni et al., 1998). Perhaps the post-synaptic membrane is depolarised, by 
other coincident inputs acting on nearby synapses with functional AMPA receptors 
(Liao et al., 1995). During development, newly formed, randomly connected 
synapses may only have pure NMDA receptors as a means of reducing the noise 
that would result from activity at the randomly placed synapses. Thus, information 
will only be transmitted at these synapses if the presynaptic activity coincides with 
other, presumably functionally relevant, information (Liao et al., 1995).
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Recent exciting work in the young postnatal hippocampus affords an alternative 
method of removing the Mg2+ block from silent synapses. In the early postnatal 
hippocampus GABAa receptor agonists have been shown to remove the voltage 
dependent Mg2+ block of the NMDA receptor, suggesting that the combined action 
of depolarising GABA and the subsequent opening of the NMDA channel will cause 
a huge [Ca2+]j (Ben Ari et al., 1997; Leinekugel et al., 1997).

H e te r o syn a p t ic  f a c il it a t io n :

Work in the spinal cord suggests a further alternative; that the summation of synaptic 
potentials may occur at a rate below that necessary to change the evoked response of 
the cells (Thompson et al., 1993) but sufficient to unblock NMDA receptor ion 
channels and allow direct calcium influx. Heterosynaptic facilitation is where a 
modification is produced in one synapse by as a result of inputs to other synapses. 
This requires the activitation of high threshold primary afferents in the form of a 
conditioning stimulus (Thompson et al., 1993) which is not present in this study, as 
the stimuli delivered were only twice the A-fibre threshold and the width of the 
stimulus pulse was only 50ps. Facilitaion produced by subthreshold C fibre action 
potentials or from A-fibres in the superficail dorsal horn of the neonate, cannot be 
ruled out, with out further experiments.

In neonates, where the rate of rise of EPSPs is already low (Seebach and Mendell, 
1996), summation is more likely to occur. Certainly, the rate of rise of EPSCs in the 
pure NMDA synapses is longer than in the functional, mixed NMDA and AMPA 
receptors in the neonatal dorsal horn (Bardoni et al., 1998). This could be as a result 
of the subunit composition of the NMDA receptors (Monyer et al., 1994), or even 
that glutamate might be more likely to spill over at pure NMDA sites than at mixed 
sites (Kullmann et al., 1996), and that the slow rate of rise is due to diffusion times to 
pure NMDA receptors (Bardoni et al., 1998).

It has been suggested that the expression of NMDA receptors is mainly at non- 
synaptic sites in developing neurones. A study of synaptic connectivity in cultured 
ventral spinal neurones (El 8-19) reports that between 2 and 4 days in culture, the 
pattern of staining of the GluRl AMPA receptor subunits changes from diffuse to 
highly clustered. These clusters are coincident with the onset of miniature EPSCs 
and associated with presynaptic terminals in the majority of cases after 6 days in 
culture (O'Brien et al., 1997). In cultured neurones the distribution of the NR1
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NMDA receptor subunit was diffuse, even after three weeks. There appeared to be 
no co-localisation of the NR1 subunit and GluRl clusters (O'Brien et al., 1997). 
Another study reports that NMDA receptors are expressed as clusters in cultured 
hippocampal neurones, but are mostly not associated with presynaptic terminals 
(Rao and Craig, 1997). Chronic treatment of the preparation with either APV or 
TTX, dramatically increases the number of postsynaptic clusters, indicating that 
spontaneous activity mediated by NMDA receptors can block synaptic expression 
of NMDA receptor subunits (Rao and Craig, 1997). One possible mechanism for 
this could be through NMDA receptors located close to the presynaptic terminal 
(Aoki et al., 1994).

The sensitivity of the la motoneurone synapse to external Ca2+, in a low Ca2+ bath 
solution, decreases with postnatal age during the first 10 days after birth (Seebach 
and Mendell, 1996). If this sensitivity to Ca2+ changes with age in all spinal neurones 
rather than just the motoneurones as reported, then this would certainly contribute to 
the sensitisation seen in the early postnatal dorsal horn, since the key to central 
sensitisation is the an increase in intracellular Ca2+ (Woolf, 1996). Furthermore, 
studies in Aplysia indicate that excitation during, and after stimulation can be 
differentially regulated, in that the two phases of response have differential Ca2+ 
dependence (Fischer et al., 1997).

In other brain areas, silent synapses have been shown to be transformed into 
functional NMDA receptors by a mechanism dependent on activity, the mechanics 
of this are not known (Durand et al., 1996; Isaac et al., 1995; Isaac et al., 1997; Liao 
et al., 1995). In the hippocampus it has been proposed that in LTP, the changes in 
synaptic strength may be underpinned by activity-dependent changes in the numbers 
of functional synapses (Malenka and Nicoll, 1997). Unlike the somatosensory cortex 
where silent synapses disappear at the end of the first postnatal week, these silent 
synapses are still present in the lumbar spinal cord, at least until P I7, although the 
numbers appear to be developmentally regulated in many parts of the brain. Using 
whole cell patch clamp, silent synapses are only found in the early postnatal, spinal 
cord. Attempts to find them in the adult rat spinal cord, have failed (Woolf, personal 
communication), suggesting that pure NMDA synapses and their activity dependent 
regulation are purely developmental phenomenon, in the spinal cord.
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Nitros Oxide:

Injecting NMDA intrathecally, induces a short term hyperalgesia, which can be 
blocked by either systemic or intrathecal nitric oxide synthase (NOS) inhibitors 
(Kitto et al., 1992). Wind-up of dorsal horn neurones has also been shown to be 
blocked by NOS inhibitors (Semos and Headley, 1994). Pre-emptive, systemic, 
administration of NOS inhibitors significantly reduces the magnitude of the response 
in the second phase of the formalin response (Haley et al., 1992). Furthermore, 
intrathecal injection of sodium nitroprusside, (a NO donor) causes a reversible 
hyperalgesia (Kitto et al., 1992). These data suggest that the underlying molecular 
changes during central sensitisation, include a role for nitric oxide (NO), as well as the 
NMDA receptor activation and subsequent influx of Ca2+.

NOS is not found in primary afferent terminals, indeed it appears to be localised with 
GAB A containing intemeurones in lamina II of the rat spinal cord (Valtschanoff et 
al., 1992). There is a developmental progression in the expression of NOS. At P2 
there is none in the SG, faint staining starts to appear by P5, although it remains 
immature until after PI 1. By P20 the overall staining in the dorsal horn resembles 
that of the adult (Soyguder et al., 1994). This data suggests that there is unlikely to 
be a role for NO in the superficial dorsal horn during the first postnatal week.

4.33 The development of inhibitory control

Other maturational changes in the postnatal spinal cord include the onset of 
descending inhibition, via the dorsolateral funiculus, which only begins to function in 
the second postnatal week (Fitzgerald and Koltzenburg, 1986), and presumably 
dampen this central excitability. This pathway was only fully functional by P22-24. 
Until P9 there was no inhibition, by P12 half the cells were inhibited and by PI 8 
most cells were inhibited, although this required a higher stimulation intensity 
(Fitzgerald and Koltzenburg, 1986). There is a minimal pharmacological role for 5- 
HT before P10, and only at high doses at this age. Better antinociception from 
intrathecally injected 5-HT3 agonists is seen at lesser doses in older animals (PI4 and 
P21) (Giordano, 1997).

Functional GABAa synapses are present from before birth. In the hippocampus 
these GABA receptors depolarises neurones, so accounting for a large part of 
excitatory neurotransmission at this time (Ben Ari et al., 1997; Reichling et al., 1994). 
These early networks generate spontaneous giant depolarising potentials (GDP),

106



caused by simultaneous activation of GABAa synapses (Ben Ari et al., 1989; 
Leinekugel et a l, 1997). GDPs disappear in the presence of TTX and APV and 
progressively diminish by P I2. GDP activation depends on both NMDA receptor 
activity and Na+ channel activity, which is similar to the AMPA receptor mediated 
EPSCs in cultured spinal neurones (Robert et al., 1998). In neonatal spinal cord 
cultured neurones, activation of GABAa receptors is inhibitory (Robert et al., 1998).

Conclusion:
There are elements in both the development of excitatory and inhibitory systems in 
the neonatal spinal cord that could account for the A fibre induced central 
sensitisation, shown here. What is needed now are further experiments, particularly 
focusing on the roles of NMDA and GABA in the developing spinal cord dorsal 
horn.

If the central sensitisation due to functional A fibres in the superficial dorsal horn, 
whilst the C fibres are immature, then it is possible that they fulfil a role in generating 
the activity required for the formation of the pathway at higher levels. There is 
strong evidence that in the neonatal period the basic neuronal pathways that have 
developed following genetic patterns are fine tuned by other factors, such as cellular 
interactions, hormones, neurotransmitters and electrical activity (Fields and Nelson, 
1992).
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Figure 4.2: Magnitude of the after discharge
Bar charts representing the mean number of spikes ± SEM in the 40-2000ms range after 
each stimulus, in a train of 16 stimuli (twice threshold, 0.5HZ). This illustrates sensitisation 
of dorsal horn cells at P6 and P10 which is not reflected in the direct evoked responses 
occurring within a 40ms latency (Fig 4.3). At P6 the mean spike count is from 8 cells 
that sensitised and 21 that did not. At P10 the mean count is from 3 cells that sensitised 
and 12 that did not.
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Figure 4.3: Magnitude of evoked response.
Bar charts representing the mean number of spikes SEM evoked by each stimulus in 
a train of 16 A fibre stimuli (twice threshold; 0.5Hz). Ages P6 and P10 cells are divided 
into those that sensitised on repeated A fibre stimulation and those that did not.
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Fig 4.4: C fibre evoked “wind-up” of a dorsal horn cell at P21.
This figure shows the raw trace and rate meter histogram of a dorsal horn cell 
responding to electrical stimulation at twice the C fibre threshold (train of 16 stimuli) 
This cell wound up to the stimulus train.
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Chapter 5:

Changes in evoked response in the neonatal dorsal horn 
following inflammation.

5.1 Introduction

The data presented in previous chapters related to dorsal horn responses evoked in 
the immediate (ms-second) time frame, following peripheral stimulation. In this 
chapter evoked responses in the longer (minutes-hours) time frame following 
stimulation are examined. The results are preliminary but give an indication of 
prolonged changes in activity that can be produced in neonatal dorsal horn cells 
following tissue injury.

Inflammation is the response to tissue injury or infection and leads to increased 
neuronal activity. Increased neuronal activity leads, in turn, to central changes in the 
spinal cord and brain, possibly in the form of immediate early gene expression 
mediated by the release of neurotransmitters, which ultimately lead to the clinical 
signs of inflammation, namely hyperalgersia and allodynia. Inflammatory models 
rely on the injection or of an irritant chemical; such as carrageenan, complete Freund’s 
adjuvant (CFA), formalin, turpentine, the topical application of mustard oil or UV 
irradiation (reviewed by: Reeh and Sauer, 1997) The resulting inflammation is 
characterised by swelling, redness, and hyperalgesia, which are the peripheral signs of 
inflammation. The main differences between inflammatory models id the time course 
over which they act. Mustard oil typically produces an acute reaction, formalin has a 
biphasic action with a short acute phase followed by a longer second phase, and 
following carrageenan, activity usually peaks 2-4 hrsafter application. UV 
irradiation, turpentine and CFA, typically last days to weeks (reviewed by: Reeh and 
Sauer, 1997).

I have used carrageenan in these studies which is reported to be a more reliable agent 
in modelling inflammation than formalin (Xu et al., 1995). Carrageenan induced 
inflammation was first described in 1962 (Winter et al., 1962), and has since been 
used widely to produce a unilateral model of inflammation (Hargreaves et al., 1988; 
Hylden et al., 1991; Kayser and Guilbaud, 1987; Stanfa et al., 1992; Stanfa et al., 
1996). After the injection of carageenan , oedema rapidly develops, followed by 
hyperalgesia, which peaks at 3-4hrs and decreases to baseline by 24-72hrs
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(Hargreaves et al., 1988; Hylden et al., 1991; Kayser and Guilbaud, 1987). In some 
cases the period of hyperalgesia can last 10-14 days (Kayser and Guilbaud, 1987).

The molecular mechanisms of the centrally produced changes leading to hyperalgesia 
and allodynia are are the same as those in central sensitization (described in chapters 
1 and 4). Indeed, inflammation causes central sensitisation.

R e c e p tiv e  F ie l d s

Electrophysiological evidence has shown that the receptive field of dorsal horn 
neurons increases following inflammation and the expansion of the receptive field 
parallels the development of hyperalgesia. The receptive fields of lamina I dorsal 
hom neurons were observed between 4 and 8.5 hrs following injection of CFA and, 
on average, expanded to 2.4 times their original size (Hylden et al., 1989). It has been 
suggested that the increase of the receptive field may be responsible for the 
hyperalgesia. Since the receptive fields are larger there is a greater degree of overlap 
and so a single stimulus would activate many more neurons than in the control state, 
a summative effect (Dubner and Ruda, 1992). Although, since expansion of receptive 
fields is one of the classic signs of central sensitisation (Cook et al., 1987), it would 
appear that central sensitisation is required for expansion of receptive fields.

A behavioural response to inflammation is seen from PI in rats, although the biphasic 
response to formalin is not seen until PI 5 (Guy and Abbott, 1992). Decreased flexor 
reflex thresholds have also been reported in both the rat and human, following skin 
wounding or inflammation (Andrews and Fitzgerald, 1994; Fitzgerald et al., 1987; 
Fitzgerald et al., 1988).

The responses of immature dorsal hom cells have not been investigated previously, 
and this study sets out to rectify this. Preliminary results are presented here.
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5.2 Results

These are preliminary data. Data is presented from two different types of 

experiment:

1. Responses were recorded from dorsal hom cells in the same way as described 

in the methods and used in the previous chapters. In this study however, the 

inflammatory agent, carageenan, was injected in to the plantar hindpaw, prior to 

recording. Cells with receptive fields on the plantar hindpaw only, were included in 

this study. At P21 recordings were made from 4 cells, three of these were situated in 

the deep dorsal hom and the remaining one in the superficial dorsal hom (using the 

criteria defined in chapter 3 (>300pm from the dorsal surface of the cord)). At P10 

recordings were made from 15 cells, two of these were in the superficial lamina and 

the remaining 13 were in the deep laminae (>25Opm). Between one and three cells 

were recorded from each pup.

2. A single dorsal hom cell with stable responses was isolated, and the evoked 

response measured. After three stable evoked responses at 10 minute intervals, 

carageenan was injected into the plantar hindpaw, into the centre of the receptive 

field, and the response to a train of stimuli (16) at twice the A fibre threshold, and 

three times the C fibre threshold (if C fibre input found), was recorded every 10 

minutes. This paradigm enabled a map of the progressive changes to the dorsal hom 

responses to be constmcted. Three cells at P10 were recorded in this way, each from 

a single rat pup.

In the first group the afferent input of 8 of the cells at P10 was activated by 
stimulation with pin electrodes (6 mA, 500ps). For the remainder of the experiments 
the stimulation was delivered directly to the sciatic nerve at mid thigh level, through 
two silver wire hook electrodes. Since the pin electrodes were placed in the centre of 
the receptive field, and this area became inflamed after the injection of carrageenan, 
there was concern that the massively oedematous tissue might interfere with the 
transmission of the stimulus, between the electrodes and the receptors, or free nerve 
endings.
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5.21 Time course of acute inflammation:

Results from the second experiments demonstrated the time course of the effects of 
peripheral inflammation on the dorsal hom cells in the P I0 rat pup. The background 
activity, measured for one minute before the train of stimuli was delivered, and the 
after discharge rate (measured between 2 0 0 ms and 2 0 0 0 ms after each stimulus in the 
train), indicate that the activity of these cells peaks within lOOmins post 
inflammation. This is considerably less than the reported 3-4hrs in the adult (Hylden 
et al., 1991; Kayser and Guilbaud, 1987). Since only three cells were successfully 
recorded from in this set of experiments, further experiments are required to fully 
confirm these results. Recordings deteriorated beyond three hours after the injection 
of carrageenan, so activity after this time is not known. These results are presented 
graphically in F ig . 5.1.

5 .2 2  Receptive field properties:

Receptive fields were measured in the same way as those in chapter 3, and expressed 
as a percentage of the plantar foot area. There was a significant increase in the size of 
peripheral receptive fields in animals in both the P I0 and P21 age groups (PO.OOOl 
in both cases). At PI 0 the size of the peripheral receptive fields increased by 2.5 
times, and at P21 the increase was 3.4. F ig  5 .2 shows these results. At P21 only 4 
were tested, following inflammation, but they can be compared to 30 controls. At 
PI 0 there were 48 cells in the control group and 15 cells in the inflamed group. Mean 
size ± SEM (as a percentage of the plantar hindpaw area), of the peripheral receptive 
field in the inflamed group at P10 was 47.2±6.4%, and that of the control was 
19.1 ±2.0%. At P21 the mean size of the receptive field in the inflamed group was 
51.8±12.2% (large SEM), and that of the control group was 14.9±1.6%.

5 .23  Threshold: A fibres

The A fibre stimulation thresholds at P I0 in the presence of inflammation did not 
change significantly. The mean ± SEM threshold value on nerve stimulation was 
1,0±0.27 mA for the control cells and 0.95±0.2mA for the inflamed group. When the 
stimulation was delivered through pin electrodes, the threshold values were higher, 
2.0±0.5mA for the control and 2.78±0.5mA for the inflamed cells. The higher 
thresholds required for pin electrode stimulation was probably due to current leakage 
into the tissue, and the difficulty of stimulating terminal nerve branches.
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At P21 the threshold changes were greater. The A threshold change was extremely 
significant (p<0.0001; Student’s t test). The mean A fibre threshold for the control 
group was 2.0±0.32mA, and for the inflamed group it was 0.19±0.01mA. These 
results are represented in graphical form in Fig . 5.3.

5 .2 4  Threshold: C fibres

Of the 15 cells in the inflamed group at PI 0, 4 had C fibre evoked responses with 
thresholds of 1.83±0.27mA. There were no cells with C fibre input in the control 
group where the nerve had been stimulated directly.

At P21 the mean threshold for four cells in the inflamed group was 1.76±0.23mA, 
compared to 3.0±0.59mA for four cells in the control group. This change in 
threshold is not quite significant (p=0.0513).

5 .2 5  Magnitude of the response

The magnitude of the evoked response (number of spikes), following electrical 
stimulation directly to the nerve significantly increased following inflammation in P10 
cells stimulated at twice A fibre threshold. Mean±SEM evoked response for the 
controls animals was 3.2±0.25 spikes and for the inflamed animals it was 7.6±0.21 
spikes. The Student’s t test gives a £><0.0001 when comparing these two groups, 
suggesting that the difference is extremely significant.

At P21, the mean magnitude of the evoked response for cells receiving an A afferent 
input was 6.8±0.32 spikes in the control group, and 6.6±0.21 spikes in the inflamed 
group. The difference between these two groups is not significant (p=0.59). For 
those cells responding to C afferent input the magnitude of response was 4.9±0.5 
spikes for the control group, and 10.1 ±0.67 spikes for the inflamed group. These 
two results were significantly different, with a p<0.0001. These results are 
presented in graphical form F ig . 5.4.
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5.3 Discussion

This is the first time that the effect of inflammation on dorsal hom cell activity has 
been investigated in the neonatal rat spinal cord. Although these results are 
preliminary, they provide a good insight into the basic responses of dorsal hom cells, 
in neonatal rats, to peripheral inflammation. The reported increase in receptive field 
size and lowering of afferent input thresholds from inflamed tissue that is reported in 
the adult, is also seen in neonatal cells.

5.31 The time course of acute inflammation in the neonate.

The results presented above and in Fig . 5.1 suggest that the time course of acute 
inflammation in neonates, following peripheral, subcutaneous injection of carrageenan 
is shorter than that reported in adults. This experiment was only done at one 
age,P10. Much of the data presented in the adult literature about time course is 
behavioural (Hylden et al., 1991; Kayser and Guilbaud, 1987), and some investigators 
see little in the way of background spontaneous activity in dorsal hom cells when 
recording extracellularly in vivo, although changes in the after discharge and 
pharmacological changes can be observed three hours after inflammatory insult 
(personal communication Louise Stanfa)(Stanfa et al., 1992; Stanfa et al., 1996; Stanfa 
et al., 1997). Other investigators report spontaneous background activity following 
peripheral inflammation, which increases substantially once the tonic descending 
inhibition is removed (Cervero et al., 1991; Ren and Dubner, 1996; Schaible et al., 
1991).

Background activity and after discharge, were used by the above investigators in the 
adult rat and cat as a measure of the neuronal activity following peripheral 
inflammation. In the experiments reported here, the same parameters are examined, 
and the peak of excitation is around 60 mins in the after discharge and around 10 0  

mins for the background activity. Two factors must be borne in mind when 
considering these results. Firstly this experiment has only been done in three cells, 
and secondly, the physiological condition of the animals began to deteriorate at 
around three hours after the injection of carrageenan, so activity after this time is 
unknown.
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5 .32  Change in receptive field size with inflammation.

In the adult rat model, expansion of the peripheral receptive fields is seen following a 
lidocain block of the dorsal lateral funiculus (DLF), at thoracic level. Furthermore, 
this expansion is greater in animals with peripheral inflammation than in non-inflamed 
animals (Ren and Dubner, 1996). Therefore two contributing factors to receptive
field expansion in the adult are:
1. C afferent input
2. Intact dorsal lateral funiculus

C  A fferent in pu t

Following inflammation, the barrage of nerve impulses from the periphery into the 
dorsal horn lead to hyperexcitability. One measure of this hyperexcitability or 
central sensitisation is an enlargement of the peripheral receptive field of these 
neurones (Calvino et al., 1987; Cook et al., 1987; Hylden et al., 1989; McMahon and 
Wall, 1984; Woolf and King, 1990). Brief inputs from C fibres will also cause 
expanded receptive fields in the superficial dorsal hom (Cook et al., 1987).

In this study the C fibre input is still a little immature at P10, although it is possible 
to evoke suprathreshold responses they are not as frequent as at older ages 
(Fitzgerald, 1985a; Fitzgerald, 1987a; Jennings and Fitzgerald, 1998). At P21 the C 
fibre evoked response is much more mature. Despite the immaturity of the younger 
neurones investigated, their mean peripheral receptive fields were 2.5 times larger 
following inflammation than in a control situation. The increase at P I0 is from a 
background mean control receptive size which is already larger than that of older 
animals (see chapter 3 (Fig  3 .3)). Nevertheless, this value equates well with the 
reported 2.4 times enlargement of the peripheral receptive fields, following 
inflammation in the adult (Hylden et al., 1989; Hylden et al., 1991; Ren and Dubner, 
1996; Schaible et al., 1991; Traub, 1997). At P21 the increase in size, measured from 
just four cells is 3.4 times the mean control value. There are too few data points at 
this age to make much of this result (note the large SEM). These results are 
presented in F ig  5 .2.

D orsal lateral funiculus

Receptive fields of dorsal hom neurones have been shown to enlarge, and thresholds 
decrease after the inhibition of the dorsal lateral funiculus (DLF) (Wall, 1967). The 
DLF is also a source of excitatory input to some (mainly lamina I) dorsal hom
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neurones (Dubuisson & Wall, 1980; McMahon & Wall, 1988}. Neurones in the deep 
dorsal hom were inhibited by stimulation of the DLF (McMahon and Wall, 1988).
In the neonate, at lumbar levels of the spinal cord the DLF exerts no influence at P9, a 
very weak influence by P12 and only becomes fully functional, in the adult sense, at 
P22-24 (Fitzgerald and Koltzenburg, 1986). The functional maturation of this 
pathway lags behind the anatomical development significantly. The pathway 
appears to be anatomically present from P6 . Not surprisingly, the functional 
maturation parallels the pharmacological maturation. Intrathecal administration of a 
5-HT3 agonist first produces antinociception against formalin induced pain at P10, 
but once again only at high doses. Lower doses of the agonist (MDL-72222), 
attenuated the nociceptive response at older ages (PI4 and P21) (Giordano, 1997).

This lack of descending control might contribute to the increase in size of the 
peripheral receptive field, at P10, but by P21 other investigators report adequate 
function of this pathway (Fitzgerald and Koltzenburg, 1986; Giordano, 1997).

5 .3 3  Reduced stimulation threshold

As in the adult, dorsal hom cells in neonates had reduced stimulation thresholds 
following acute inflammation. This is the hyperalgesia that is widely reported 
following peripheral tissue injury, and is the behavioural correlate of sensitisation.
As such, it is not surprising that neonatal dorsal hom cells also have reduced 
thresholds. The reduction of flexor reflex thresholds has been reported in neonatal 
humans and rats, following inflammation or tissue damage (Andrews and Fitzgerald, 
1994; Fitzgerald et al., 1989).

P e r ip h e r al  ve rsu s  ce n tr a l  se n sit isa t io n :

There are thought to be two main components to hyperalgesia. Sensitisation of the 
peripheral receptors (Bessou and Perl, 1969; Campbell et a l, 1979; Raja et al., 1984), 
and central sensitisation of dorsal hom neurones (Woolf, 1983).

Following peripheral inflammation or tissue damage, the sensitivity of a proportion 
of sensory fibres has altered sensitivity to heat (Bessou and Perl, 1969). This is the 
phenomenon of peripheral sensitisation, and is caused by the release of endogenous 
chemicals in the area around the inflammation eg., bradykinin and cytokines 
(reviewed by Woolf, 1995). Central sensitisation on the other hand is manifest as 
secondary hyperalgesia, expansion of receptive fields, and prolonged after discharge, 
allodynia (reviewed by Woolf, 1995). The receptive field expansion seen in this
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study is a secondary event, and the lowered threshold can be both peripheral and 
central.

Bilateral lesion of the DLF has little effect on the baseline nociceptive withdrawal 
reflexes, evoked by transient noxious stimulation (McMahon and Wall, 1988; Ren 
and Dubner, 1996). This suggests that these reflexes in the neonate should not be 
affected by the lack of functional DLF until the second postnatal week.

Carrageenan induced peripheral inflammation has been shown to causes a rise in 
GAB A immunoreactive cells in the ipsilateral dorsal hom; reaching a value of 23.4% 
more immunostaining than the contralateral side four days post injection. This 
increase in GABAergic activity can be prevented by neonatal treatment with 
capsaicin or sciatic neurectomy, suggesting that GAB A is upregulated in the dorsal 
hom by the increased C fibre afferent input, from the site of inflammation.(Castro 
Lopes et al., 1994).

Intrathecal injections of GABAa or glycine receptor antagonists significantly reduce 
the cutaneous mechanical thresholds, demonstrating significant segmental inhibitory 
mechanisms(Sivilotti and Woolf, 1994). A more recent study confirms that the 
GAB Aa antagonist, bicuculline, enhances pain behaviours following peripheral 
inflammation (John et al., 1998). These results are similar to those obtained from C 
fibre primary afferent input, in the same study. Therefore central sensitisation can be 
brought about by either enhanced excitatory input into the dorsal hom or by 
disinhibition (removal of the inhibitory influences) (Sivilotti and Woolf, 1994).

This is particulary important in the neonate where many of the pathways are still 
immature, especially considering the interactions in the early postnatal hippocampus 
between GABAa and NMDA receptor agonists. One group has reported that 
GABAa agonists, in the hippocampus, at this age are excitatory, and furthermore, 
can remove the voltage dependent Mg2+ block on NMDA receptors, many of which 
are silent synapses during the first part of the postnatal week (Ben Ari et al., 1997; 
Durand et al., 1996; Leinekugel et al., 1997). Since silent synapses have also been 
shown to be present in the neonatal dorsal hom (Bardoni et al., 1998; Li and Zhuo, 
1998), and more than 90% of dorsal hom neurones in culture respond to GABAa 
agonists and strychnine by a transient rise in intracellular Ca2+ (Reichling et al., 1994; 
Wang et al., 1994), it is possible that similar interactions could occur in the young 
postnatal dorsal hom, although no evidence yet, in cultured neonatal spinal cord 
neurones GABAa receptor activation has an inhibtory effect (Robert et al., 1998).
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The interaction of neonatal GABAa receptor agonists depolarising the post-synaptic 
membrane and the subsequent activation of NMDA receptors leads to a huge increase 
in the [Ca2+]j (Ben Ari et al., 1997), and since [Ca2+]j is the key to central 
sensitisation (Woolf, 1996), this neonatal interaction is likely to have a profound 
affect on sensitisation seen in the neonatal dorsal hom, including that seen following 
inflammation. Silent synapses are discussed in more detail in chapter 4.
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Fig 5.1: Acute inflamation time course.
The graphs above plot the after discharge activity (a) and 
background (b) activity of individual cells (P10) follow ing carrageenan 
injected into the plantar hindpaw (at time 0). The peak activity in both 
cases can be seen at about 100 m inutes after the injection. This is 
considerably earlier than that reported in adult m odels. There w as no 
data for background activity in cell 3.
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Fig 5.2. Peripheral receptive field changes following inflammation.
R epresentations of the peripheral receptive fields. Those in the 
red represent cells receiving afferents from  inflam m ed skin, whilst those 
in grey are the control. The mean receptive field size ± SEM  (as a perc
entage of the total plantar foot area is, for P10: 19 .13± 1.97 (control), 
and 47.20±6.43 (inflam ed). For P21 the figures are: 14.9+1.62 (control) 
and 51.83±12.19 (inflam ed). These values are plotted on the bar chart.
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Fig 5.3: Changes in stimulating threshold, following inflammation.
Bart chart demonstrating these changes in threshold values (mA) for cells receiving 
afferents from either control or inflamed periphery. The width of the stimulus used 
to stimulate A fibres was 50//S, and that to stimulate C fibres was 500/*s.
Student t tests, comparing stimulation thresholds in control and inflamed cells reveal 
a p value of 0.8728 for P10, p<0.0001 for P21A threshold and p=0.0513 for 
P21C fibre threshold.
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Fig 5.4: Magnitude of the evoked response, following inflammation.
Bar chart showing the mean±SEM evoked response (number of 
spikes) of cells with A and C afferent input at P21 and A afferent input at P10. 
Student t tests comparing control and inflamed data for the P21 C response and 
P10 A response give a p value of <0.0001 in both cases. The same comparison 
for P21 cells responding to an A fibre stimulus yields a p=0.5941.



Concluding Remarks

The work presented in this thesis and the accompanying paper (Appendix 1: “C-fos 
can be induced in the neonatal rat spinal cord by both noxious and innocuous 
peripheral stimulation”. Jennings, E and Fitzgerald, M, Pain, 38. 301-306, 1996), 
strongly suggests that central processing of afferent input is different in the neonate 
when compared to the adult. This is not surprising, given that the neonatal system is 
maturing, and as such these results should be considered in this light. Much of what 
is known of the later mechanisms of neurodevelopment has been done in the visual 
system. (Goodman and Shatz, 1993; Katz and Shatz, 1996).

Visu a l  s y s t e m  d e v e l o p m e n t

Early neurodevelopment involves axon pathfinding, and growth to regionally localised 
targets. The axon terminals then retract or expand to select a specific subset of cells 
with which to form synapses. This remodelling is called “address selection”, and is 
dependent on competition from the surrounding inputs. The whole process is 
capable of transforming a coarse grained and overlapping projection into a refined and 
highly tuned pattern of connections (Goodman and Shatz, 1993).

In the neonatal dorsal horn the basic pattern, and regional localisation of the afferent 
terminals has taken place by birth. A fibres enter the spinal cord dorsal horn, by 
E l5-16, and the C fibres follow, entering the grey matter, by E20 (Fitzgerald et al., 
1991; Fitzgerald, 1987b; Jackman, 1997; Koerber and Brown, 1980; Plenderleith et 
al., 1992; Smith, 1983). Synaptogenesis in the dorsal horn follows the ventro-dorsal 
pattern of development (Altman and Bayer, 1984; Nomes and Das, 1974), and peaks 
at P4-5 in the deep dorsal horn and P7-9 in SG (Cabalka et al., 1990). The 
somatotopic map of the central terminations of afferents is also established by birth 
(Fitzgerald and Swett, 1983; Smith, 1983).

Although the anatomy is in place, and A afferent responses can be recorded 
prenatally from both the dorsal horn and ventral root ( Fitzgerald et al., 1987; 
Fitzgerald, 1987c; Fitzgerald, 1991a), C fibre evoked afferent responses can not be 
recorded in the dorsal horn until the second postnatal week (Fitzgerald and Gibson, 
1984; Fitzgerald, 1988; Hori and Watanabe, 1987; Jennings and Fitzgerald, 1998). 
Over the first three postnatal weeks C fibre afferent connectivity matures probably 
using a process similar to the “address selection”, described in the visual system 
(Goodman and Shatz, 1993).
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The developmental modulation of the central nervous system connections by 
peripheral activity was first shown in kittens by Hubei & Weisel (1970). They 
showed the columnar structure of the visual cortex called occular dominance columns 
(LeVay et al., 1980), and importantly that closure of one eyelid in young kittens or 
monkeys, resulted in the expansion of the territory occupied by the axon terminals of 
the open eye (in layer IV of the visual cortex), and a corresponding decrease in the 
territory occupied by the axons from the closed eye (Hubei et al., 1977; LeVay et al., 
1980). Furthermore, they also showed that there is a “critical period” in neonatal life, 
when the columns are forming, that these changes can occur. Similar manipulations in 
the adult do not alter the structure of the columns in layer IV (Hubei and Wiesel,
1970; LeVay etal., 1980).

This was the beginning of a surge of experiments aiming to determine the mechanisms 
and players in activity dependent plasticity (ADP) during neurodevelopment. A 
graphic example is an experiment in which the visual activity from both eyes was 
completely blocked by intraoccular injections of TTX throughout neonatal life 
(Stryker and Harris, 1986). This treatment resulted in the prevention of the 
formation of occular dominance columns. Furthermore, experiments during the 
critical period, where the visual stimulation through one eye was paired with 
postsynaptic depolarisation produced by a cortical stimulating electrode enhanced 
the strength of inputs from the stimulated eye in some cells for hours (Shulz and 
Fregnac, 1992). These results suggest that Hebb synapses, possibly involving 
NMDA receptors may be necessary for occular dominance column formation. There 
is physiological evidence that NMDA receptor activation contributes to the visually 
driven responses of cortical neurones during the critical period (Fox et al., 1989), and 
there is a decline in NMDA receptor function in layers IV -VI which correlates with 
the end of the critical period in cats. Recordings from slices of rat visual cortex, show 
that cortical neurones can undergo LTP, dependent on the activation of NMDA 
receptors, following activation of the incoming axons from the lateral geniculate 
nucleus, although they require the disinhibition of GABAa receptors with bicuculline 
(low doses) to do this effectively, suggesting that LTP induction in the hippocampus 
and visual cortex are under slightly different controls (Artola and Singer, 1987).
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B a r r e l  f ie l d  c o rtic al  d e ve l o p m e n t  (so m a t o se n so r y ).

The majority of the work on somatosensory system development has been done in 
the whisker- barrelfield cortex pathway. Somatosensory information from the face 
and teeth, is carried to the trigeminal dorsal horn. Sensory information from the 
whiskers, is precisely mapped in a pathway relayed by three synapses (reviewed by: 
(Killackey et al., 1990)). The whiskers are represented by barrelettes in the 
brainstem trigeminal complex (BSTC), by the barreloid in the thalamus (VPM) and 
by barrelfield cortex in the primary somatosensory cortex (SI).

As in the visual system there is a critical period in the barrel cortex during which the 
barrel fields form (P0-3) (Belford and Killackey, 1980). Surprisingly, histochemical 
studies fail to show any changes in barrel field formation after either blocking 
vibrissae inputs (Henderson et al., 1992) or by directly blocking barrel cortex activity 
(Chiaia et al., 1992; Schlaggar et al., 1993). However, the plasticity associated with 
cautery of a row of whiskers, was absent after treatment with AP5 (Schlaggar et al.,
1993). Physiological studies reveal that there is a disorganisation in the receptive 
fields of cells in the barrelfield cortex, after treatment with AP5 during the critical 
period (Fox et al., 1996).

P r im a r y  a f f e r e n t  c o n n e c tiv ity  w ith  the  b r a in ste m  trig em inal  n u c le i.

Knockout mice bred without the NR1 subunit die within a day of birth, although 
they can, with careful nurturing, live one more day (Forrest et al., 1994; Li et al.,
1994). These animals lack the central somatotopic representation of the whisker 
receptive fields in the BSTC, called barrelettes, although the gross topographic 
organisation of the trigeminal afferents was normal (Li et al., 1994). In the same 
study, whole cells patch clamp recordings from neurones in the barrelettes regions of 
the BSTC show the absence of NMDA receptor mediated currents, although AMP A 
mediated currents are present (Li et al., 1994).

Further evidence that the NMDA receptor is important in the formation of 
barrelettes comes from a more recent study from the same group. They attempted to 
rescue the NR1 knockouts with high levels of NR1 transgene, and found that not 
only did the animals live to adulthood, but their somatotopic patterns were restored, 
including barrelette formation (Iwasato et al., 1997).
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This fits in with the model of neurodevelopment, where axon pathfinding is 
independent of NMDA, but that the fine tuning of the connections or “address 
selection” in activity dependent, and that NMDA receptor mediated activity plays a 
major role in the refinement of axonal projections (Constantine-Paton et al., 1990; 
Goodman and Shatz, 1993). This is also direct evidence of the role of NMDA 
receptor-mediated activity, in connectivity between primary afferents and the first 
CNS relay.

The NR1 knockout animals had a reduction in the levels of the NR2B but not the 
NR2A subunit, which indicates some interdependence in subunit expression (Forrest 
et al., 1994). Mice with this NR2B subunit knocked out also lacked clearly defined 
barrelette formation, although as in the NR1 knockouts the gross somatotopy was 
present (Kutsuwada et al., 1996). This knockout also showed the absence of 
NMDA receptor mediated activity in physiological experiments in barrelfield cortex 
(Kutsuwada et al., 1996)

NMDA mediated activity is known to be involved in associative processes such as 
LTP or LTD (Bliss and Collingridge, 1993), and this is thought to be the basis of the 
specific connectivity in the visual system and barrelfields (Goodman and Shatz,
1993). The hypothesis is that the correlated activity in afferents converge on specific 
neurones which results in the depolarisation of the postsynaptic membrane via non- 
NMDA receptors and the removal of the voltage sensitive Mg2+ block on the 
NMDA receptors. Subsequent action potentials release more glutamate which opens 
the NMDA receptor channels with the resulting significant Ca2+ influx into the 
postsynaptic cell. Then follows a cascade of events (mechanisms not known) in 
which feedback is provided to the presynaptic fibres, leading to consolidation of the 
synaptic connections with fibres that fire in synchrony. Those connections made by 
axons that do not fire in synchrony are weakened, due to their inability to activate 
NMDA receptors and so trigger the subsequent cascade of events in postsynaptic 
cells (Constantine-Paton et al., 1990;Goodman and Shatz, 1993).

The recent reports (in the last four years) of silent synapses in neonatal 
hippocampus and dorsal horn (see 4.33), will change the above hypothesis a little. 
NMDA receptor activation is still paramount, but initially this is required to assist in 
the activation of AMPA receptors, so as to make a functional glutamatergic receptor 
at resting membrane potentials. This has been achieved in the neonatal hippocampus 
with a brief high frequency stimulus, sufficient to induce LTP (Durand et al., 1996). 
Since silent synapses are found predominantly in the neonatal CNS, and since their
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conversion to functional synapses appears to be activity dependent, they are likely 
to play a major role in the “address selection” posited in the models described above. 
Silent synapses still require an initial activation as the voltage dependent Mg2+ block 
on the NMDA receptor has been shown to be present from birth (Bardoni et al., 
1998). One hypothesis is that the Mg2+ block can be removed if the membrane 
nearby is depolarised by another axon releasing glutamate onto a functional synapse 
(Liao et al., 1995). The synchronous firing of this system fits with the 
developmental hypothesis outlined above.

The peripheral receptive fields of the neurones in the barrel cortex, can be disrupted 
following treatment with NMDA receptor antagonists (Fox et al., 1996), as they are 
following treatment with capsaicin (Nussbaumer and Wall, 1985; Wall et al., 1982a). 
Since C fibres are known to have a role in activating NMDA receptors in central 
sensitisation (Woolf and Thompson, 1991), the role of the NMDA receptor in the 
neonatal spinal cord deserves further investigation.

Studies of another transgenic mouse, the monoamine oxidase A deficient, show that 
barrels are absent in SI, although the somatotopy appears to be conserved in 
thalamus and BSTC nuclei (Cases et al., 1996). Administration of an inhibitor of 
serotonin synthesis restores the formation of the barrels in SI, suggesting that an 
excess of serotonin during the critical period is responsible for the loss of the barrels 
(Cases et al., 1996). This may be the reason that the spinal serotonergic system only 
becomes functional in the second postnatal week (Fitzgerald and Koltzenburg, 1986; 
Giordano, 1997), as it may be toxic to the somatosensory dystem in early stages of 
development.

Since A fibres are found in the superficial laminae of the dorsal horn for the first three 
postnatal weeks, at around the same time as the C fibres are forming appropriate 
connections (Fitzgerald et al., 1994; Fitzgerald, 1985a; Mimics and Koerber, 1995), 
and that they appear to form synapses (Coggeshall et al., 1996) there is the 
possibility that they are functional. If this was the case then what would this 
function be? One possibility is that they drive neurones in the superficial laminae, so 
that these cells can make appropriate synaptic connections at higher levels in the 
CNS, during the critical period, since these neurones do not appear to receive afferent 
input from C fibres at this time.
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C o n c l u sio n :

Although a substantial body of work has been done on neurodevelopment, little has 
focused on the spinal cord. Since the spinal cord plays a major role in the integration 
and modulation of somatosensory input, there should be more work done in this area.

134



References:

Abbadie, C., Trafton, J., Liu, H., Mantyh, P. W. & Basbaum, A. I. (1997). 
Inflammation increases the distribution of dorsal horn neurons that internalize the 
neurokinin-1 receptor in response to noxious and non- noxious stimulation. Journal 
o f Neuroscience 17, 8049-8060.

Abdul-Razzak, R., Bagust, J. & Kerkut, G. A. (1994). Postnatal changes in the role 
of NMDA in the isolated spinal cord of the hamster, Mesocricetus auratus. Comp 
Biochem Physiol Pharmacol Toxicol Endocrinol 107, 205-213.

Akagi, H., Konishi, S., Otsuka, M. & Yanagisawa, M. (1985). The role of substance 
P as a neurotransmitter in the reflexes of slow time courses in the neonatal rat spinal 
cord. British Journal o f Pharmacology 84, 663-673.

Albuquerque, C. & MacDermott, A. B. (1998). Selective expression of calcium- 
permeable AMPA receptors in subpopulations of inhibitory and excitatory dorsal 
horn neurons. Society for Neuroscience Abstracts 24, 92 (41.10).

Altman, J. & Bayer, S. A. (1984). The development of the rat spinal cord. AdvAnat 
Embryol Cell Biol 85, 1-164.

Andrews, K. & Fitzgerald, M. (1994). The cutaneous withdrawal reflex in human 
neonates: sensitization, receptive fields, and the effects of contralateral stimulation. 
Pain 56,95-101.

Angulo Y Gonzalez, A. W. (1932). The prenatal development of behaviour in the 
albino rat. Journal o f Comparative Neurology 55, 395-442.

Antal, M., Petko, M., Polgar, E., Heizmann, C. W. & Storm-Mathisen, J. (1996). 
Direct evidence of an extensive GAB Aergic innervation of the spinal dorsal horn by 
fibres descending from the rostral ventromedial medulla. Neuroscience 73, 509-518.

Aoki, C., Venkatesan, C., Go, C. G., Mong, J. A. & Dawson, T. M. (1994). 
Cellular and subcellular localization of NMDA-R1 subunit immunoreactivity in the 
visual cortex of adult and neonatal rats. Journal o f Neuroscience 14, 5202-5222.

Armett, C. J., Gray, J. A. B. & Palmer, J. F. (1961). A group of neurones in the 
dorsal horn associated with cutaneous mechanoreceptors. Journal o f Physiology 
(London) 156,611-622.

Artola, A. & Singer, W. (1987). Long-term potentiation and NMDA receptors in rat 
visual cortex. Nature 330, 649-652.

135



Banner, L. R. & Herrera, A. A. (1986). Differences in synaptic efficacy at 
neuromuscular junctions in frog twitch muscles. Journal o f Physiology (London) 379, 
205-215.

Barber, R. P., Vaughn, J. E., Slemmon, J. R., Salvaterra, P. M., Roberts, E. & 
Leeman, S. E. (1979). The origin, distribution and synaptic relationships of substance 
P axons in rat spinal cord. Journal o f Comparative Neurology 184, 331-351.

Bardoni, R., Magherini, P. C. & MacDermott, A. B. (1998). NMDA EPSCs at 
glutamatergic synapses in the spinal cord dorsal horn of the postnatal rat. Journal o f  
Neuroscience 18, 6558-6567.

Barish, M. E. (1986). Differentiation of voltage-gated potassium current and 
modulation of excitability in cultured amphibian spinal neurones. Journal o f  
Physiology (London) 375, 229-250.

Basbaum, A. I., Glazer, E. J. & Lord, B. A. (1982). Simultaneous ultrastructural 
localization of tritiated serotonin and immunoreactive peptides. J  Histochem 
Cytochem 30, 780-784.

Beal, J. A. (1979). Serial reconstruction of Ramon y Cajal's large primary afferent 
complexes in laminae II and III of the adult monkey spinal cord: a Golgi study. Brain 
Research 166, 161-165.

Belford, G. R. & Killackey, H. P. (1980). The sensitive period in the development of 
the trigeminal system of the neonatal rat. Journal o f Comparative Neurology 193, 
335-350.

Bern, W. T., Yeung, S. J., Belcheva, M., Barg, J. & Coscia, C. J. (1991). Age- 
dependent changes in the subcellular distribution of rat brain mu opioid receptors and 
GTP binding regulatory proteins. JNeurochem 57, 1470-1477.

Ben Ari, Y., Cherubini, E., Corradetti, R. & Gaiarsa, J. L. (1989). Giant synaptic 
potentials in immature rat CA3 hippocampal neurones. Journal o f  Physiology 
(London) 416,303-325.

Ben Ari, Y., Khazipov, R., Leinekugel, X., Caillard, O. & Gaiarsa, J. L. (1997). 
GABAA, NMDA and AMP A receptors: a developmentally regulated 'menage a 
trois'. Trends in Neuroscience 20, 523-529.

Bennett, M. R. & Pettigrew, A. G. (1974). The formation of synapses in 
reinnervated and cross-reinnervated striated muscle during development. Journal o f  
Physiology (London) 241, 547-573.

Bennett, G. J., Hayashi, H., Abdelmoumene, M. & Dubner, R. (1979). 
Physiological properties of stalked cells of the substantia gelatinosa intracellularly

136



stained with horseradish peroxidase. Brain Research 164, 285-289.

Bennett, G. J., Abdelmoumene, M., Hayashi, H. & Dubner, R. (1980). Physiology 
and morphology of substantia gelatinosa neurons intracellularly stained with 
horseradish peroxidase. Journal o f  Comparative Neurology 194, 809-827.

Berthele, A. et al. (1999). Distribution and developmental changes in metabotropic 
glutamate receptor messenger RNA expression in the rat lumbar spinal cord. 
Developmental Brain Research 112, 39-53.

Bessou, P. & Perl, E. R. (1969). Response of cutaneous sensory units with 
unmyelinated fibers to noxious stimuli. Journal o f Neurophysiology 32, 1025-1043.

Bicknell, H. R. J. & Beal, J. A. (1984). Axonal and dendritic development of 
substantia gelatinosa neurons in the lumbosacral spinal cord of the rat. Journal o f  
Comparative Neurology 226, 508-522.

Bleazard, L., Hill, R. G. & Morris, R. (1994). The correlation between the 
distribution of the NK1 receptor and the actions of tachykinin agonists in the dorsal 
horn of the rat indicates that substance P does not have a functional role on 
substantia gelatinosa (lamina II) neurons. Journal o f Neuroscience 14, 7655-7664.

Bliss, T. V. & Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in 
the dentate area of the anaesthetized rabbit following stimulation of the perforant 
path. Journal o f Physiology (London) 232, 331-356.

Bliss, T. V. & Collingridge, G. L. (1993). A synaptic model of memory: long-term 
potentiation in the hippocampus. Nature 361, 31-39.

Bowery, N. G., Hudson, A. L. & Price, G. W. (1987). GABAA and GABAB 
receptor site distribution in the rat central nervous system. Neuroscience 20, 365- 
383.

Bregman, B. S. (1987). Development of serotonin immunoreactivity in the rat spinal 
cord and its plasticity after neonatal spinal cord lesions. Brain Research 431, 245- 
263.

Brenner, H. R., Witzemann, V. & Sakmann, B. (1990). Imprinting of acetylcholine 
receptor messenger RNA accumulation in mammalian neuromuscular synapses. 
Nature 344, 544-547.

Brown, P. B., Moraff, H. & Tapper, D. N. (1973). Functional organization of the 
cat's dorsal horn: spontaneous activity and central cell response to single impulses in 
single type I fibers. Journal o f  Neurophysiology 36, 827-839.

Brown, A. G., Fyffe, R. E., Rose, P. K. & Snow, P. J. (1981). Spinal cord collaterals

137



from axons of type II slowly adapting units in the cat. Journal o f  Physiology 
(London) 316,469-480.

Brugger, F., Evans, R. H. & Hawkins, N. S. (1990). Effects of N-methyl-D-aspartate 
antagonists and spantide on spinal reflexes and responses to substance P and 
capsaicin in isolated spinal cord preparations from mouse and rat. Neuroscience 36, 
611-622.

Bryan, R. N., Trevino, D. L., Coulter, J. D. & Willis, W. D. (1973). Location and 
somatotopic organization of the cells of origin of the spino-cervical tract. 
Experimental Brain Research 17, 177-189.

Bryan, R. N., Coulter, J. D. & Willis, W. D. (1974). Cells of origin of the 
spinocervical tract in the monkey. Experimental Neurology 42, 574-586.

Budai, D. (1994). A computer-controlled system for post-stimulus time histogram 
and wind- up studies. JNeurosci Methods 51, 205-211.

Bullitt, E. (1989). Induction of c-fos-like protein within the lumbar spinal cord and 
thalamus of the rat following peripheral stimulation. Brain Research 493, 391-397.

Bullitt, E. (1990). Expression of c-fos-like protein as a marker for neuronal activity 
following noxious stimulation in the rat. Journal o f Comparative Neurology 296, 
517-530.

Burden, S. (1977). Acetylcholine receptors at the neuromuscular junction: 
developmental change in receptor turnover. Dev Biol 61, 79-85.

Bumashev, N., Monyer, H., Seeburg, P. H. & Sakmann, B. (1992). Divalent ion 
permeability of AMPA receptor channels is dominated by the edited form of a single 
subunit. Neuron 8 , 189-198.

Cabalka, L. M., Ritchie, T. C. & Coulter, J. D. (1990). Immunolocalization and 
quantitation of a novel nerve terminal protein in spinal cord development. Journal o f  
Comparative Neurology 295, 83-91.

Caffrey, J. M., Eng, D. L., Black, J. A., Waxman, S. G. & Kocsis, J. D. (1992). 
Three types of sodium channels in adult rat dorsal root ganglion neurons. Brain 
Research 592, 283-297.

Cajal, R. Y. (1909). Histologie du systeme nerveux de l'homme et des vertebres. Pub: 
Institute Cajal, Madrid (reprinted 1952)

Calvino, B., Villanueva, L. & Le Bars, D. (1987). Dorsal horn (convergent) neurones 
in the intact anaesthetized arthritic rat. I. Segmental excitatory influences. Pain 28, 
81-98.

138



Cameron, A. A., Leah, J. D. & Snow, P. J. (1986). The electrophysiological and 
morphological characteristics of feline dorsal root ganglion cells. Brain Research 362, 
1- 6 .

Campbell, J. N., Meyer, R. A. & LaMotte, R. H. (1979). Sensitization of myelinated 
nociceptive afferents that innervate monkey hand. Journal o f  Neurophysiology 42, 
1669-1679.

Cao, Y. Q., Mantyh, P. W., Carlson, E. J., Gillespie, A. M., Epstein, C. J. & 
Basbaum, A. I. (1998). Primary afferent tachykinins are required to experience 
moderate to intense pain [see comments]. Nature 392, 390-394.

Carlton, S. M. & Hayes, E. S. (1990). Light microscopic and ultrastructural analysis 
of GABA-immunoreactive profiles in the monkey spinal cord. Journal o f  
Comparative Neurology 300, 162-182.

Cases, O., Vitalis, T., Seif, I., De Maeyer, E., Sotelo, C. & Gaspar, P. (1996). Lack 
of barrels in the somatosensory cortex of monoamine oxidase A- deficient mice: role 
of a serotonin excess during the critical period. Neuron 16, 297-307.

Cervero, F. & Plenderleith, M. B. (1987). Spinal cord sensory systems after neonatal 
capsaicin. Acta Physiol Hung 69, 393-401.

Cervero, F., Schaible, H. G. & Schmidt, R. F. (1991). Tonic descending inhibition of 
spinal cord neurones driven by joint afferents in normal cats and in cats with an 
inflamed knee joint. Experimental Brain Research 83, 675-678.

Charlton, C. G. & Helke, C. J. (1986). Ontogeny of substance P receptors in rat 
spinal cord: quantitative changes in receptor number and differential expression in 
specific loci. Brain Research 394, 81-91.

Chiaia, N. L., Fish, S. E., Bauer, W. R., Bennett-Clarke, C. A. & Rhoades, R. W. 
(1992). Postnatal blockade of cortical activity by tetrodotoxin does not disrupt the 
formation of vibrissa-related patterns in the rat's somatosensory cortex. 
Developmental Brain Research 6 6 , 244-250.

Christensen, B. N. & Perl, E. R. (1970). Spinal neurons specifically excited by 
noxious or thermal stimuli: marginal zone of the dorsal horn. Journal o f  
Neurophysiology 33, 293-307.

Chung, K., Langford, L. A., Applebaum, A. E. & Coggeshall, R. E. (1979). Primary 
afferent fibers in the tract of Lissauer in the rat. Journal o f  Comparative Neurology 
184, 587-598.

Chung, K., Kevetter, G. A., Willis, W. D. & Coggeshall, R. E. (1984). An estimate

139



of the ratio of propriospinal to long tract neurons in the sacral spinal cord of the rat. 
Neuroscience Letters 44, 173-177.

Coderre, T. J., Katz, J., Vaccarino, A. L. & Melzack, R. (1993). Contribution of 
central neuroplasticity to pathological pain: review of clinical and experimental 
evidence [see comments]. Pain 52, 259-285.

Coggeshall, R. E., Coulter, J. D. & Willis, W. D. J. (1974). Unmyelinated axons in 
the ventral roots of the cat lumbosacral enlargement. Journal o f  Comparative 
Neurology 153, 39-58.

Coggeshall, R. E., Jennings, E. A. & Fitzgerald, M. (1996). Evidence that large 
myelinated primary afferent fibers make synaptic contacts in lamina II of neonatal 
rats. Developmental Brain Research 92, 81-90.

Coimbra, A., Ribeiro Da Silva, A. & Pignatelli, D. (1986). Rexed's laminae and the 
acid phosphatase (FRAP)-band in the superficial dorsal hom of the neonatal rat 
spinal cord. Neuroscience Letters 71, 131-136.

Collingridge, G. L. & Singer, W. (1990). Excitatory amino acid receptors and synaptic 
plasticity. Trends in Pharmacological Science 11, 290-296.

Conn, P. J. & Pin, J. P. (1997). Pharmacology and functions of metabotropic 
glutamate receptors. Annu Rev Pharmacol Toxicol 37, 205-237.

Constantine-Paton, M., Cline, H. T. & Debski, E. (1990). Patterned activity, 
synaptic convergence, and the NMDA receptor in developing visual pathways. Annu 
Rev Neurosci 13, 129-154.

Constantinou, J., Reynolds, M. L., Woolf, C. J., Safieh Garabedian, B. & 
Fitzgerald, M. (1994). Nerve growth factor levels in developing rat skin: upregulation 
following skin wounding. Neuroreport 5, 2281-2284.

Cook, A. J., Woolf, C. J., Wall, P. D. & McMahon, S. B. (1987). Dynamic 
receptive field plasticity in rat spinal cord dorsal hom following C-primary afferent 
input. Nature 325, 151-153.

Davies, S. N. & Lodge, D. (1987). Evidence for involvement of N-methylaspartate 
receptors in 'wind-up' of class 2 neurones in the dorsal hom of the rat. Brain 
Research 424, 402-406.

Davies, S. N., Martin, D., Millar, J. D., Aram, J. A., Church, J. & Lodge, D. 
(1988). Differences in results from in vivo and in vitro studies on the use- 
dependency of N-methylaspartate antagonism by MK-801 and other phencyclidine 
receptor ligands. European Journal o f Pharmacology 145, 141-151.

140



De Biasi, S. & Rustioni, A. (1988). Glutamate and substance P coexist in primary 
afferent terminals in the superficial laminae of spinal cord. Proc Natl Acad Sci U SA  
85, 7820-7824.

De Felipe, C., Herrero, J. F., O'Brien, J. A., Palmer, J. A., Doyle, C. A., Smith, A. 
J., Laird, J. M., Belmonte, C., Cervero, F. & Hunt, S. P. (1998). Altered 
nociception, analgesia and aggression in mice lacking the receptor for substance P. 
Nature 392, 394-397.

Dennis, M. J., Ziskind Conhaim, L. & Harris, A. J. (1981). Development of 
neuromuscular junctions in rat embryos. Dev Biol 81, 266-279.

Desarmenien, M., Santangelo, F., Loeffler, J. P. & Feltz, P. (1984). Comparative 
study of GAB A-mediated depolarizations of lumbar A delta and C primary afferent 
neurones of the rat. Experimental Brain Research 54, 521-528.

Dickenson, A. H., Brewer, C. M. & Hayes, N. A. (1985). Effects of topical baclofen 
on C fibre-evoked neuronal activity in the rat dorsal hom. Neuroscience 14, 557-562.

Dray, A., Urban, L. & Dickenson, A. (1994). Pharmacology of chronic pain. Trends 
in Pharmacological Science 15, 190-197.

Dickenson, A. H. & Sullivan, A. F. (1987). Evidence for a role of the NMDA 
receptor in the frequency dependent potentiation of deep rat dorsal horn nociceptive 
neurones following C fibre stimulation. Neuropharmacology 26, 1235-1238.

Dickenson, A. H. & Sullivan, A. F. (1990). Differential effects of excitatory amino 
acid antagonists on dorsal hom nociceptive neurones in the rat. Brain Research 506, 
31-39.

Duggan, A. W., Hendry, I. A., Morton, C. R., Hutchison, W. D. & Zhao, Z. Q. 
(1988). Cutaneous stimuli releasing immunoreactive substance P in the dorsal hom of 
the cat. Brain Research 451, 261-273.

Duggan, A. W., Riley, R. C., Mark, M. A., MacMillan, S. J. & Schaible, H. G. 
(1995). Afferent volley patterns and the spinal release of immunoreactive substance 
P in the dorsal hom of the anaesthetized spinal cat. Neuroscience 65, 849-858.

Durand, G. M., Kovalchuk, Y. & Konnerth, A. (1996). Long-term potentiation and 
functional synapse induction in developing hippocampus. Nature 381, 71-75.

Ekholm, J. (1967). Postnatal changes in cutaneous reflexes and in the discharge 
pattern of cutaneous and articular sense organs. A morphological and physiological 
study in the cat. Acta Physiol Scand Suppl 297, 1-130.

Falcon, M., Guendellman, D., Stolberg, A., Frenk, H. & Urea, G. (1996).

141



Development of thermal nociception in rats. Pain 67, 203-208.

Felts, P. A., Yokoyama, S., Dib-Hajj, S., Black, J. A. & Waxman, S. G. (1997). 
Sodium channel alpha-subunit mRNAs I, II, III, NaG, Na6 and hNE (PN1): different 
expression patterns in developing rat nervous system. Molecular Brain Research 
(Brain Research) 45,71-82.

Fields, H. L. & Basbaum, A. I. (1994). Central nervous system of pain modulation. 
In: Textbook o f  Pain . Eds. (Wall, P. D. & Melzack, R.). Churchill Livingstone

Fields, R. D. & Nelson, P. G. (1992). Activity-dependent development of the 
vertebrate nervous system. Int Rev Neurobiol 34, 133-214.

Fischer, T. M., Blazis, D. E., Priver, N. A. & Carew, T. J. (1997). Metaplasticity at 
identified inhibitory synapses in Aplysia [see comments]. Nature 389, 860-865.

Fitzgerald, M. & Gibson, S. (1984). The postnatal physiological and neurochemical 
development of peripheral sensory C fibres. Neuroscience 13, 933-944.

Fitzgerald, M. & Koltzenburg, M. (1986). The functional development of descending 
inhibitory pathways in the dorsolateral funiculus of the newborn rat spinal cord. 
Brain Research 389, 261-270.

Fitzgerald, M. & Koltzenburg, M. (1986). The functional development of descending 
inhibitory pathways in the dorsolateral funiculus of the newborn rat spinal cord. 
Brain Research 389, 261-270.

Fitzgerald, M. & Swett, J. (1983). The termination pattern of sciatic nerve afferents 
in the substantia gelatinosa of neonatal rats. Neuroscience Letters 43, 149-154.

Fitzgerald, M. & Vrbova, G. (1985). Plasticity of acid phosphatase (FRAP) afferent 
terminal fields and of dorsal hom cell growth in the neonatal rat. Journal o f 
Comparative Neurology 240, 414-422.

Fitzgerald, M. & Wall, P. D. (1980). The laminar organization of dorsal hom cells 
responding to peripheral C fibre stimulation. Experimental Brain Research 41, 36- 
44.

Fitzgerald, M. & Woolf, C. J. (1981). Effects of cutaneous nerve and intraspinal 
conditioning of C-fibre afferent terminal excitability in decerebrate spinal rats.
Journal o f  Physiology (London) 318, 25-39.

Fitzgerald, M. (1982). Alterations in the ipsi- and contralateral afferent inputs of 
dorsal hom cells produced by capsaicin treatment of one sciatic nerve in the rat.
Brain Research 248,97-107.

142



Fitzgerald, M. (1983). Capsaicin and sensory neurones—a review. Pain 15, 109-130.

Fitzgerald, M. (1985a). The post-natal development of cutaneous afferent fibre input 
and receptive field organization in the rat dorsal hom. Journal o f Physiology (London) 
364, 1-18.

Fitzgerald, M. (1985b). The sprouting of saphenous nerve terminals in the spinal 
cord following early postnatal sciatic nerve section in the rat. Journal o f  Comparative 
Neurology 240,407-413.

Fitzgerald, M. (1987a). Cutaneous primary afferent properties in the hind limb of the 
neonatal rat. Journal o f  Physiology (London) 383, 79-92.

Fitzgerald, M. (1987b). Prenatal growth of fine-diameter primary afferents into the 
rat spinal cord: a transganglionic tracer study. Journal o f  Comparative Neurology 
261,98-104.

Fitzgerald, M. (1987c). Spontaneous and evoked activity of fetal primary afferents in 
vivo. Nature 326, 603-605.

Fitzgerald, M. (1988). The development of activity evoked by fine diameter 
cutaneous fibres in the spinal cord of the newborn rat. Neuroscience Letters 86, 161- 
166.

Fitzgerald, M. (1990). c-fos and the changing face of pain. Trends in Neuroscience 
13, 439-440.

Fitzgerald, M. (1991a). A physiological study of the prenatal development of 
cutaneous sensory inputs to dorsal hom cells in the rat. Journal o f  Physiology 
(London) 432,473-482.

Fitzgerald, M. (1991b). Development of pain mechanisms. Br Med Bull 47, 667-675.

Fitzgerald, M., Butcher, T. & Shortland, P. (1994). Developmental changes in the 
laminar termination of A fibre cutaneous sensory afferents in the rat spinal cord 
dorsal hom. Journal o f  Comparative Neurology 348, 225-233.

Fitzgerald, M., Butcher, T. & Shortland, P. (1994). Developmental changes in the 
laminar termination of A fibre cutaneous sensory afferents in the rat spinal cord 
dorsal hom. Journal o f  Comparative Neurology 348, 225-233.

Fitzgerald, M., King, A. E., Thompson, S. W. & Woolf, C. J. (1987). The postnatal 
development of the ventral root reflex in the rat; a comparative in vivo and in vitro 
study. Neuroscience Letters 78, 41-45.

143



Fitzgerald, M., Millard, C. & McIntosh, N. (1989). Cutaneous hypersensitivity 
following peripheral tissue damage in newborn infants and its reversal with topical 
anaesthesia. Pain 39, 31-36.

Fitzgerald, M., Reynolds, M. L. & Benowitz, L. I. (1991). GAP-43 expression in 
the developing rat lumbar spinal cord. Neuroscience 41, 187-199.

Fitzgerald, M., Shaw, A. & Macintosh, N. (1988). Postnatal development of the 
cutaneous flexor reflex: comparative study of preterm infants and newborn rat pups. 
Developmental Medecine and Child Neurology 30, 520-526.

Fitzgerald, M., Woolf, C. J. & Shortland, P. (1990). Collateral sprouting of the 
central terminals of cutaneous primary afferent neurons in the rat spinal cord: 
pattern, morphology, and influence of targets. Journal o f Comparative Neurology 
300, 370-385.

Flint, A. C., Maisch, U. S. & Kriegstein, A. R. (1997). Postnatal development of low 
[Mg2+] oscillations in neocortex. Journal o f Neurophysiology 78, 1990-1996.

Forrest, D., Yuzaki, M., Soares, H. D., Ng, L., Luk, D. C., Sheng, M., Stewart, C. 
L., Morgan, J. I., Connor, J. A. & Curran, T. (1994). Targeted disruption of NMDA 
receptor 1 gene abolishes NMDA response and results in neonatal death. Neuron 13, 
325-338.

Forsythe, I. D. & Westbrook, G. L. (1988). Slow excitatory postsynaptic currents 
mediated by N-methyl-D-aspartate receptors on cultured mouse central neurones. 
Journal o f Physiology (London) 396, 515-533.

Fox, K., Daw, N., Sato, H. & Czepita, D. (1991). Dark-rearing delays the loss of 
NMDA-receptor function in kitten visual cortex. Nature 350, 342-344.

Fox, K., Sato, H. & Daw, N. (1989). The location and function of NMDA receptors 
in cat and kitten visual cortex. Journal o f  Neuroscience 9, 2443-2454.

Fox, K., Schlaggar, B. L., Glazewski, S. & O'Leary, D. D. (1996). Glutamate 
receptor blockade at cortical synapses disrupts development of thalamocortical and 
columnar organization in somatosensory cortex. Proc Natl Acad Sci U SA  93, 5584- 
5589.

Friede, R. L. & Samorajski, T. (1968). Myelin formation in the sciatic nerve of the 
rat. A quantitative electron microscopic, histochemical and radioautographic study. J  
Neuropathol Exp Neurol 27, 546-570.

Fulton, B. P. & Walton, K. (1986). Electrophysiological properties of neonatal rat 
motoneurones studied in vitro. Journal o f Physiology (London) 370, 651-678.

144



Fulton, B. P. (1987). Postnatal changes in conduction velocity and soma action 
potential parameters of rat dorsal root ganglion neurones. Neuroscience Letters 73, 
125-130.

Furuyama, T., Kiyama, H., Sato, K., Park, H. T., Maeno, H., Takagi, H. & 
Tohyama, M. (1993). Region-specific expression of subunits of ionotropic glutamate 
receptors (AMPA-type, KA-type and NMDA receptors) in the rat spinal cord with 
special reference to nociception. Molecular Brain Research (Brain Research) 18, 
141-151.

Giordano, J. (1997). Antinociceptive effects of intrathecally administered 2- 
methylserotonin in developing rats. Developmental Brain Research 98, 142-144.

Gobel, S. (1978). Golgi studies of the neurons in layer II of the dorsal hom of the 
medulla (trigeminal nucleus caudalis). Journal o f  Comparative Neurology 180, 395- 
413.

Gobel, S., Falls, W. M., Bennett, G. J., Abdelmoumene, M., Hayashi, H. & 
Humphrey, E. (1980). An EM analysis of the synaptic connections of horseradish 
peroxidase- filled stalked cells and islet cells in the substantia gelatinosa of adult cat 
spinal cord. Journal o f Comparative Neurology 194, 781-807.

Goedert, M., Stoeckel, K. & Otten, U. (1981). Biological importance of the 
retrograde axonal transport of nerve growth factor in sensory neurons. Proc Natl 
AcadSci U S A  78,5895-5898.

Gonzalez, D. L., Fuchs, J. L. & Droge, M. H. (1993). Distribution of NMDA 
receptor binding in developing mouse spinal cord. Neuroscience Letters 151, 134- 
137.

Goodman, C. S. & Shatz, C. J. (1993). Developmental mechanisms that generate 
precise patterns of neuronal connectivity. Cell 72, Suppl:77-98.

Gregor, M. & Zimmermann, M. (1972). Characteristics of spinal neurones 
responding to cutaneous myelinated and unmyelinated fibres. Journal o f  Physiology 
(London) 221, 555-576.

Grudt, T. J. & Henderson, G. (1998). Glycine and GABA(A) receptor-mediated 
synaptic transmission in rat substantia gelatinosa: inhibition by mu-opioid and 
GABA(B) agonists. Journal o f Physiology (London) 507, 473-483.

Gmdt, T. J. & Williams, J. T. (1994). Mu-opioid agonists inhibit spinal trigeminal 
substantia-gelatinosa neurons in guinea-pig and rat. Journal o f Neuroscience 14, 
1646-1654.

Guy, E. R. & Abbott, F. V. (1992). The behavioral response to formalin in

145



preweanling rats. Pain 51, 81-90.

Haley, J. E., Dickenson, A. H. & Schachter, M. (1992). Electrophysiological 
evidence for a role of nitric oxide in prolonged chemical nociception in the rat. 
Neuropharmacology 31,251-258.

Hall, Z. W. & Sanes, J. R. (1993). Synaptic structure and development: the 
neuromuscular junction. Cell 72, 99-121.

Hammond, D. L., Levy, R. A. & Proudfit, H. K. (1980). Hypoalgesia induced by 
microinjection of a norepinephrine antagonist in the raphe magnus: reversal by 
intrathecal administration of a serotonin antagonist. Brain Research 201, 475-479.

Hargreaves, K., Dubner, R., Brown, F., Flores, C. & Joris, J. (1988). A new and 
sensitive method for measuring thermal nociception in cutaneous hyperalgesia. Pain 
32, 77-88.

Hayes, E. S. & Carlton, S. M. (1992). Primary afferent interactions: analysis of 
calcitonin gene-related peptide-immunoreactive terminals in contact with unlabeled 
and GABA- immunoreactive profiles in the monkey dorsal hom. Neuroscience 47, 
873-896.

Headley, P. M., Duggan, A. W. & Griersmith, B. T. (1978). Selective reduction by 
noradrenaline and 5-hydroxytryptamine of nociceptive responses of cat dorsal hom 
neurones. Brain Research 145, 185-189.

Hebb, D. O. (1949). The organization of behaviour: a neuropsychological theory. 
Wiley, New York

Henderson, T. A., Woolsey, T. A. & Jacquin, M. F. (1992). Infraorbital nerve 
blockade from birth does not dismpt central trigeminal pattern formation in the rat. 
Developmental Brain Research 66, 146-152.

Herdegen, T., Kovary, K., Leah, J. & Bravo, R. (1991). Specific temporal and 
spatial distribution of JUN, FOS, and KROX-24 proteins in spinal neurons following 
noxious transsynaptic stimulation. Journal o f Comparative Neurology 313, 178-191.

Hestrin, S. (1992). Developmental regulation of NMDA receptor-mediated synaptic 
currents at a central synapse. Nature 357, 686-689.

Hochman, S., Garraway, S. M. & Pockett, S. (1997). Membrane properties of deep 
dorsal horn neurons from neonatal rat spinal cord in vitro. Brain Research 767, 214- 
219.

Hockfield, S. & Kalb, R. G. (1993). Activity-dependent structural changes during 
neuronal development. Current Opinion in Neurobiology 3, 87-92.

146



Hokfelt, T., Zhang, X., Xu, Z. Q., Ru-Rong, J., Shi, T., Comess, J., Kerekes, N., 
Landry, M., Rydh-Rinder, M., Broberger, C., Wiesenfeld-Hallin, Z., Bartfai, T., 
Elde, R. & G, J. (1997). Cellular and Synaptic Mechanisms in Transition of Pain 
from Acute to Chronic. Proceedings o f the 8th World Congress on Pain 8, 133-153.

Hokfelt, T., Elde, R., Johansson, O., Luft, R., Nilsson, G. & Arimura, A. (1976). 
Immunohistochemical evidence for separate populations of somatostatin-containing 
and substance P-containing primary afferent neurons in the rat. Neuroscience 1, 131- 
136.

Hokfelt, T., Kellerth, J. O., Nilsson, G. & Pemow, B. (1975). Substance p: 
localization in the central nervous system and in some primary sensory neurons. 
Science 190, 889-890.

Honore, P., Chapman, V., Buritova, J. & Besson, J. M. (1995). Reduction of 
carrageenin oedema and the associated c-Fos expression in the rat lumbar spinal cord 
by nitric oxide synthase inhibitor. British Journal o f Pharmacology 114, 77-84.

Hopkin, J. & Neal, M. J. (1971). Effect of electrical stimulation and high potassium 
concentrations on the effux of (14C) glycine from slices of spinal cord. British 
Journal o f  Pharmacology 42,215-223.

Hori, Y. & Kanda, K. (1994). Developmental alterations in NMDA receptor- 
mediated [Ca2+]i elevation in substantia gelatinosa neurons of neonatal rat spinal 
cord. Developmental Brain Research 80, 141-148.

Hori, Y. & Watanabe, S. (1987). Morphine-sensitive late components of the flexion 
reflex in the neonatal rat. Neuroscience Letters 78, 91-96.

Hubei, D. H. & Wiesel, T. N. (1970). The period of susceptibility to the 
physiological effects of unilateral eye closure in kittens. Journal o f  Physiology 
(London) 206,419-436.

Hubei, D. H., Wiesel, T. N. & LeVay, S. (1977). Plasticity of ocular dominance 
columns in monkey striate cortex. Philos Trans R Soc Lond B Biol Sci 278, 377-409.

Hunt, S. P. & Rossi, J. (1985). Peptide- and non-peptide-containing unmyelinated 
primary afferents: the parallel processing of nociceptive information. Philos Trans R 
Soc Lond B Biol Sci 308, 283-289.

Hunt, S. P., Pini, A. & Evan, G. (1987). Induction of c-fos-like protein in spinal cord 
neurons following sensory stimulation. Nature 328, 632-634.

Hunter, J. C. & Singh, L. (1994). Role of excitatory amino acid receptors in the 
mediation of the nociceptive response to formalin in the rat. Neuroscience Letters

147



174,217-221.

Hylden, J. L., Nahin, R. L., Traub, R. J. & Dubner, R. (1989). Expansion of 
receptive fields of spinal lamina I projection neurons in rats with unilateral adjuvant- 
induced inflammation: the contribution of dorsal hom mechanisms. Pain 37, 229- 
243.

Hylden, J. L., Thomas, D. A., Iadarola, M. J., Nahin, R. L. & Dubner, R. (1991). 
Spinal opioid analgesic effects are enhanced in a model of unilateral 
inflammation/hyperalgesia: possible involvement of noradrenergic mechanisms. 
European Journal o f Pharmacology 194, 135-143.

Isaac, J. T., Crair, M. C., Nicoll, R. A. & Malenka, R. C. (1997). Silent synapses 
during development of thalamocortical inputs. Neuron 18, 269-280.

Isaac, J. T., Nicoll, R. A. & Malenka, R. C. (1995). Evidence for silent synapses: 
implications for the expression of LTP. Neuron 15, 427-434.

Ishizuka, N., Mannen, H., Hongo, T. & Sasaki, S. (1979). Trajectory of group la 
afferent fibers stained with horseradish peroxidase in the lumbosacral spinal cord of 
the cat: three dimensional reconstmctions from serial sections. Journal o f 
Comparative Neurology 186, 189-211.

Ito, S. & Cherubini, E. (1991). Strychnine-sensitive glycine responses of neonatal rat 
hippocampal neurones. Journal o f Physiology (London) 440, 67-83.

Iwasato, T., Erzurumlu, R. S., Huerta, P. T., Chen, D. F., Sasaoka, T., Ulupinar, 
E. & Tonegawa, S. (1997). NMDA receptor-dependent refinement of somatotopic 
maps. Neuron 19,1201-1210.

Jackman, A. J. (1997). Factors determining the development of mammalian sensory 
neurons and cutaneous innervation in vivo. Thesis- University College London

Jahr, C. E. & Jessell, T. M. (1985). Synaptic transmission between dorsal root 
ganglion and dorsal hom neurons in culture: antagonism of monosynaptic excitatory 
postsynaptic potentials and glutamate excitation by kynurenate. Journal o f  
Neuroscience 5,2281-2289.

Jahr, C. E. & Yoshioka, K. (1986). Ia afferent excitation of motoneurones in the 
invitro newborn rat spinal-cord is selectively antagonized by kynurenate. Journal o f 
Physiology (London) 370,515-530.

Jakowec, M. W., Fox, A. J., Martin, L. J. & Kalb, R. G. (1995a). Quantitative and 
qualitative changes in AMPA receptor expression during spinal cord development. 
Neuroscience 67, 893-907.

148



Jakowec, M. W., Yen, L. & Kalb, R. G. (1995b). In situ hybridization analysis of 
AMPA receptor subunit gene expression in the developing rat spinal cord. 
Neuroscience 67, 909-920.

Jancso, G., Kiraly, E. & Jancso-Gabor, A. (1977). Pharmacologically induced 
selective degeneration of chemosensitive primary sensory neurones. Nature 270, 
741-743.

Jennings, E. & Fitzgerald, M. (1996). C-fos can be induced in the neonatal rat spinal 
cord by both noxious and innocuous peripheral stimulation. Pain 68, 301-306.

Jennings, E. & Fitzgerald, M. (1998). Postnatal changes in responses of rat dorsal 
hom cells to afferent stimulation: a fibre-induced sensitization. Journal o f  Physiology 
(London) 509, 859-868.

Jiang, M. C. & Gebhart, G. F. (1998). Development of mustard oil-induced 
hyperalgesia in rats. Pain 77, 305-313.

Jiang, M., Cleland, C. L. & Gebhart, G. F. (1994). Ontogeny of hyperalgesia induced 
by mustard oil in spinalized rats. Society for Neuroscience Abstracts 20, 763.

John, J. M., Kaneko, M. & Hammond, D. L. (1998). Intrathecal bicuculline does not 
increase formalin-induced inflammation. Brain Research 794, 320-324.

Jones, B. E., Holmes, C. J., Rodriguez-Veiga, E. & Mainville, L. (1991). GABA- 
synthesizing neurons in the medulla: their relationship to serotonin-containing and 
spinally projecting neurons in the rat. Journal o f Comparative Neurology 313, 349- 
367.

Kandel, E. R., Schwartz, J. H. & Jessell, T. M. (1991). Principles of Neural Science. 
Third Edition. Prentice Hall International (UK) Ltd. London

Kangrga, I., Jiang, M. C. & Randic, M. (1991). Actions of (-)-baclofen on rat dorsal 
hom neurons. Brain Research 562, 265-275.

Kar, S. & Quirion, R. (1995). Neuropeptide receptors in developing and adult rat 
spinal cord: an in vitro quantitative autoradiography study of calcitonin gene-related 
peptide, neurokinins, mu-opioid, galanin, somatostatin, neurotensin and vasoactive 
intestinal polypeptide receptors. Journal o f Comparative Neurology 354, 253-281.

Karlsson, U., Carlqvist, H., Sjodin, J., Eriksson, A., Brandin, H., Wikstrom, L., 
Wallin, L. & Nasstrom, I. (1997). Functional characteristics of NMDA receptor 
mediated whole-cell currents and NMDA receptor mRNA expression in single 
superficial dorsal-hom neurons. Society for Neuroscience Abstracts 23, 930.

Katz, B. & Miledi, R. (1967). The timing of calcium action during neuromuscular

149



transmission. Journal o f Physiology (London) 189, 535-544.

Katz, L. C. & Shatz, C. J. (1996). Synaptic activity and the construction of cortical 
circuits. Science 274,1133-1138.

Kawakita, K., Dostrovsky, J. O., Tang, J. S. & Chiang, C. Y. (1993). Responses of 
neurons in the rat thalamic nucleus submedius to cutaneous, muscle and visceral 
nociceptive stimuli. Pain 55, 327-338.

Kayser, V. & Guilbaud, G. (1987). Local and remote modifications of nociceptive 
sensitivity during carrageenin-induced inflammation in the rat. Pain 28, 99-107.

Killackey, H. P., Jacquin, M. F. & Rhodes, R. W. (1990). Development of 
somatosensory system structures. In: Development o f  Sensory System in Mammals . 
Eds. (Coleman, E. J.). Wiley: New York

King, A. E., Lopez Garcia, J. A. & Cumberbatch, M. (1992). Antagonism of 
synaptic potentials in ventral horn neurones by 6-cyano-7-nitroquinoxaline-2,3- 
dione: a study in the rat spinal cord in vitro. British Journal o f  Pharmacology 107, 
375-381.

Kitto, K. F., Haley, J. E. & Wilcox, G. L. (1992). Involvement of nitric oxide in 
spinally mediated hyperalgesia in the mouse. Neuroscience Letters 148, 1-5.

Kleckner, N. W. & Dingledine, R. (1989). Selectivity of quinoxalines and kynurenines 
as antagonists of the glycine site on N-methyl-D-aspartate receptors. Mol Pharmacol 
36, 430-436.

Knyihar, E., Laszlo, I. & Tomyos, S. (1974). Fine structure and fluoride resistant 
acid phosphatase activity of electron dense sinusoid terminals in the substantia 
gelatinosa Rolandi of the rat after dorsal root transection. Experimental Brain 
Research 19, 529-544.

Koerber, H. R. & Brown, P. B. (1980). Projections of two hindlimb cutaneous nerves 
to cat dorsal horn. Journal o f Neurophysiology 44, 259-269.

Koerber, H. R., Druzinsky, R. E. & Mendell, L. M. (1988). Properties of somata of 
spinal dorsal root ganglion cells differ according to peripheral receptor innervated. 
Journal o f Neurophysiology 60, 1584-1596.

Konstantinidou, A. D., Silos Santiago, I., Flaris, N. & Snider, W. D. (1995). 
Development of the primary afferent projection in human spinal cord. Journal o f  
Comparative Neurology 354, 11-12.

Kristensen, J. D., Svensson, B. & Gordh, T. J. (1992). The NMDA-receptor 
antagonist CPP abolishes neurogenic 'wind-up pain' after intrathecal administration in

150



humans. Pain 51, 249-253.

Kruger, L., Perl, E. R. & Sedivec, M. J. (1981). Fine structure of myelinated 
mechanical nociceptor endings in cat hairy skin. Journal o f Comparative Neurology 
198, 137-154.

Kudo, N. & Yamada, T. (1987). Morphological and physiological studies of 
development of the monosynaptic reflex pathway in the rat lumbar spinal cord. 
Journal o f  Physiology (London) 389, 441-459.

Kullmann, D. M., Erdemli, G. & Asztely, F. (1996). LTP of AMPA and NMDA 
receptor-mediated signals: evidence for presynaptic expression and extrasynaptic 
glutamate spill-over. Neuron 17, 461-474.

Kumazawa, T. & Perl, E. R. (1977). Primate cutaneous sensory units with 
unmyelinated (C) afferent fibers. Journal o f Neurophysiology 40, 1325-1338.

Kumazawa, T. & Perl, E. R. (1978). Excitation of marginal and substantia gelatinosa 
neurons in the primate spinal cord: indications of their place in dorsal horn functional 
organization. Journal o f Comparative Neurology 177, 417-434.

Kutsuwada, T., Sakimura, K., Manabe, T., Takayama, C., Katakura, N., Kushiya, 
E., Natsume, R., Watanabe, M., Inoue, Y., Yagi, T., Aizawa, S., Arakawa, M., 
Takahashi, T., Nakamura, Y., Mori, H. & Mishina, M. (1996). Impairment of 
suckling response, trigeminal neuronal pattern formation, and hippocampal LTD in 
NMDA receptor epsilon 2 subunit mutant mice. Neuron 16, 333-344.

Kyrozis, A., Goldstein, P. A., Heath, M. J. & MacDermott, A. B. (1995). Calcium 
entry through a subpopulation of AMPA receptors desensitized neighbouring 
NMDA receptors in rat dorsal horn neurons. Journal o f  Physiology (London) 485, 
373-381.

Laird, J. M., Hargreaves, R. J. & Hill, R. G. (1993). Effect of RP 67580, a non
peptide neurokinin 1 receptor antagonist, on facilitation of a nociceptive spinal flexion 
reflex in the rat. British Journal o f Pharmacology 109, 713-718.

LaMotte, R. H., Thalhammer, J. G. & Robinson, C. J. (1983). Peripheral neural 
correlates of magnitude of cutaneous pain and hyperalgesia: a comparison of neural 
events in monkey with sensory judgments in human. Journal o f  Neurophysiology 50, 
1-26.

Lauder, J. M., Han, V. K., Henderson, P., Verdoom, T. & Towle, A. C. (1986). 
Prenatal ontogeny of the GABAergic system in the rat brain: an immunocytochemical 
study. Neuroscience 19, 465-493.

Lawson, S. N. & Biscoe, T. J. (1979). Development of mouse dorsal root ganglia: an

151



autoradiographic and quantitative study. JNeurocytol 8, 265-274.

Lawson, S. N., Crepps, B. A. & Perl, E. R. (1997). Relationship of substance P to 
afferent characteristics of dorsal root ganglion neurones in guinea-pig. Journal o f 
Physiology (London) 505,177-191.

Lawson, S. N., Harper, A. A., Harper, E. I., Garson, J. A. & Anderton, B. H. 
(1984). A monoclonal antibody against neurofilament protein specifically labels a 
subpopulation of rat sensory neurones. Journal o f Comparative Neurology 228, 
263-272.

Leinekugel, X., Medina, I., Khalilov, I., Ben Ari, Y. & Khazipov, R. (1997). Ca2+ 
oscillations mediated by the synergistic excitatory actions of GABA(A) and NMDA 
receptors in the neonatal hippocampus. Neuron 18, 243-255.

Lester, R. A., Clements, J. D., Westbrook, G. L. & Jahr, C. E. (1990). Channel 
kinetics determine the time course of NMDA receptor-mediated synaptic currents. 
Nature 346, 565-567.

LeVay, S., Wiesel, T. N. & Hubei, D. H. (1980). The development of ocular 
dominance columns in normal and visually deprived monkeys. Journal o f  
Comparative Neurology 191, 1-51.

Lewin, G. R., Ritter, A. M. & Mendell, L. M. (1993). Nerve growth factor-induced 
hyperalgesia in the neonatal and adult rat. Journal o f  Neuroscience 13, 2136-2148.

Li, P. & Zhuo, M. (1998). Silent glutamatergic synapses and nociception in 
mammalian spinal cord. Nature 393, 695-698.

Li, Y., Erzurumlu, R. S., Chen, C., Jhaveri, S. & Tonegawa, S. (1994). Whisker- 
related neuronal patterns fail to develop in the trigeminal brainstem nuclei of 
NMD ARI knockout mice. Cell 76, 427-437.

Liao, D., Hessler, N. A. & Malinow, R. (1995). Activation of postsynaptically 
silent synapses during pairing-induced LTP in CA1 region of hippocampal slice. 
Nature 375, 400-404.

Light, A. R. & Kavookjian, A. M. (1988). Morphology and ultrastructure of 
physiologically identified substantia gelatinosa (lamina II) neurons with axons that 
terminate in deeper dorsal horn laminae (III-V). Journal o f Comparative Neurology 
267, 172-189.

Light, A. R. & Perl, E. R. (1979a). Reexamination of the dorsal root projection to the 
spinal dorsal horn including observations on the differential termination of coarse and 
fine fibers. Journal o f Comparative Neurology 186, 117-131.

152



Light, A. R. & Perl, E. R. (1979b). Spinal termination of functionally identified 
primary afferent neurons with slowly conducting myelinated fibers. Journal o f  
Comparative Neurology 186, 133-150.

Light, A. R., Trevino, D. L. & Perl, E. R. (1979). Morphological features of 
functionally defined neurons in the marginal zone and substantia gelatinosa of the 
spinal dorsal horn. Journal o f  Comparative Neurology 186, 151-171.

Lima, D., Avelino, A. & Coimbra, A. (1993). Differential activation of c-fos in spinal 
neurones by distinct classes of noxious stimuli. Neuroreport 4, 747-750.

Littlewood, N. K., Todd, A. J., Spike, R. C., Watt, C. & Shehab, S. A. S. (1995). 
The types of neuron in spinal dorsal horn which possess neurokinin-1 receptors. 
Neuroscience 66, 597-608.

Liu, X. G. & Sandkuhler, J. (1995). Long-term potentiation of C-fiber-evoked 
potentials in the rat spinal dorsal horn is prevented by spinal N-methyl-D-aspartic 
acid receptor blockage. Neuroscience Letters 191, 43-46.

Longmore, J., Hill, R. G. & Hargreaves, R. J. (1997). Neurokinin-receptor 
antagonists: pharmacological tools and therapeutic drugs. Can J  Physiol Pharmacol 
75,612-621.

Lopez Garcia, J. A. & King, A. E. (1994). Membrane properties of physiologically 
classified rat dorsal horn neurons in vitro: correlation with cutaneous sensory afferent 
input. European Journal o f Neuroscience 6, 998-1007.

Ma, Q. P. & Woolf, C. J. (1995). Involvement of neurokinin receptors in the 
induction but not the maintenance of mechanical allodynia in rat flexor motoneurones. 
Journal o f Physiology (London) 486, 769-777.

Ma, Q. P. & Woolf, C. J. (1996). Basal and touch-evoked fos-like immunoreactivity 
during experimental inflammation in the rat. Pain 67, 307-316.

Ma, Q. P. & Woolf, C. J. (1997). Tachykinin NK1 receptor antagonist RP67580 
attenuates progressive hypersensitivity of flexor reflex during experimental 
inflammation in rats. European Journal o f  Pharmacology 322, 165-171.

Ma, W. & Barker, J. L. (1995). Complementary expressions of transcripts encoding 
GAD67 and GABAA receptor alpha 4, beta 1, and gamma 1 subunits in the 
proliferative zone of the embryonic rat central nervous system. Journal o f  
Neuroscience 15, 2547-2560.

Ma, W. & Barker, J. L. (1995). Complementary expressions of transcripts encoding 
GAD67 and GABAA receptor alpha 4, beta 1, and gamma 1 subunits in the 
proliferative zone of the embryonic rat central nervous system. Journal o f

153



Neuroscience 15, 2547-2560.

Ma, W., Behar, T. & Barker, J. L. (1992). Transient expression of GABA 
immunoreactivity in the developing rat spinal cord. Journal o f  Comparative 
Neurology 325, 271-290.

Ma, W., Behar, T., Chang, L. & Barker, J. L. (1994). Transient increase in 
expression of GAD65 and GAD67 mRNAs during postnatal development of rat 
spinal cord. Journal o f  Comparative Neurology 346, 151-160.

Ma, W., Saunders, P. A., Somogyi, R., Poulter, M. O. & Barker, J. L. (1993). 
Ontogeny of GABAA receptor subunit mRNAs in rat spinal cord and dorsal root 
ganglia. Journal o f Comparative Neurology 338, 337-359.

MacDermott, A. B., Mayer, M. L., Westbrook, G. L., Smith, S. J. & Barker, J. L. 
(1986). NMDA-receptor activation increases cytoplasmic calcium concentration in 
cultured spinal cord neurones. Nature 321, 519-522.

Maggi, C. A. & Meli, A. (1986). Suitability of urethane anesthesia for 
physiopharmacological investigations in various systems. Part 1: General 
considerations. Experientia 42, 109-114.

Malenka, R. C. & Nicoll, R. A. (1997). Silent synapses speak up. Neuron 19, 473- 
476.

Mantyh, P. W., Rogers, S. D., Honore, P., Allen, B. J., Ghilardi, J. R., Li, J., 
Daughters, R. S., Lappi, D. A., Wiley, R. G. & Simone, D. A. (1997). Inhibition of 
hyperalgesia by ablation of lamina I spinal neurons expressing the substance P 
receptor. Science 278, 275-279.

Marti, E., Gibson, S. J., Polak, J. M., Facer, P., Springall, D. R., Van Aswegen,
G., Aitchison, M. & Koltzenburg, M. (1987). Ontogeny of peptide- and amine- 
containing neurones in motor, sensory, and autonomic regions of rat and human 
spinal cord, dorsal root ganglia, and rat skin. Journal o f Comparative Neurology 266, 
332-359.

Marvizon, J. C., Martinez, V., Grady, E. F., Bunnett, N. W. & Mayer, E. A. 
(1997). Neurokinin 1 receptor internalization in spinal cord slices induced by dorsal 
root stimulation is mediated by NMDA receptors. Journal o f  Neuroscience 17, 
8129-8136.

Maxwell, D. J. & Noble, R. (1987). Relationships between hair-follicle afferent 
terminations and glutamic acid decarboxylase-containing boutons in the cat's spinal 
cord. Brain Research 408, 308-312.

Mayer, M. L., Westbrook, G. L. & Guthrie, P. B. (1984). Voltage-dependent block

154



by Mg2+ of NMDA responses in spinal cord neurones. Nature 309, 261-263.

McCarthy, P. W. & Lawson, S. N. (1989). Cell type and conduction velocity of rat 
primary sensory neurons with substance P-like immunoreactivity. Neuroscience 28, 
745-753.

McGowan, M. K. & Hammond, D. L. (1993). Antinociception produced by 
microinjection of L-glutamate into the ventromedial medulla of the rat: mediation by 
spinal GABAA receptors. Brain Research 620, 86-96.

McMahon, S. B. & Wall, P. D. (1984). Receptive fields of rat lamina 1 projection 
cells move to incorporate a nearby region of injury. Pain 19, 235-247.

McMahon, S. B. & Wall, P. D. (1988). Descending excitation and inhibition of spinal 
cord lamina I projection neurons. Journal o f Neurophysiology 59, 1204-1219.

McMahon, S. B., Lewin, G. R. & Wall, P. D. (1993). Central hyperexcitability 
triggered by noxious inputs. Current Opinion in Neurobiology 3, 602-610.

McNeill, D. L., Westlund, K. N. & Coggeshall, R. E. (1989). Peptide 
immunoreactivity of unmyelinated primary afferent axons in rat lumbar dorsal roots. 
J  Histochem Cytochem 37, 1047-1052.

Meller, S. T., Dykstra, C. L. & Gebhart, G. F. (1993). Acute mechanical 
hyperalgesia is produced by coactivation of AMPA and metabotropic glutamate 
receptors. Neuroreport 4, 879-882.

Mendell, L. M. & Wall, P. D. (1965). Responses of single dorsal cord cells to 
peripheral cutaneous unmyelinated fibres. Nature 206, 97-99.

Mendell, L. M. (1966). Physiological properties of unmyelinated fiber projection to 
the spinal cord. Experimental Neurology 16, 316-332.

Menetrey, D., Gannon, A., Levine, J. D. & Basbaum, A. I. (1989). Expression of c- 
fos protein in intemeurons and projection neurons of the rat spinal cord in response 
to noxious somatic, articular, and visceral stimulation. Journal o f  Comparative 
Neurology 285, 177-195.

Merrill, E. G. & Ainsworth, A. (1972). Glass-coated platinum-plated tungsten 
microelectrodes. Med Biol Eng 10, 662-672.

Millard, C. L. & Woolf, C. J. (1988). Sensory innervation of the hairs of the rat 
hindlimb: a light microscopic analysis. Journal o f Comparative Neurology 277, 183- 
194.

Miller, K. E., Clements, J. R., Larson, A. A. & Beitz, A. J. (1988). Organization of

155



glutamate-like immunoreactivity in the rat superficial dorsal horn: light and electron 
microscopic observations. Synapse 2, 28-36.

Mimics, K. & Koerber, H. R. (1995). Prenatal development of rat primary afferent 
fibers: II. Central projections. Journal o f Comparative Neurology 355, 601-614.

Momiyama, A., Feldmeyer, D. & Cull-Candy, S. G. (1996). Identification of a native 
low-conductance NMDA channel with reduced sensitivity to Mg2+ in rat central 
neurones. Journal o f  Physiology (London) 494, 479-492.

Momiyama, A., Feldmeyer, D. & Cull-Candy, S. G. (1996). Identification of a native 
low-conductance NMDA channel with reduced sensitivity to Mg2+ in rat central 
neurones. Journal o f  Physiology (London) 494, 479-492.

Monyer, H., Bumashev, N., Laurie, D. J., Sakmann, B. & Seeburg, P. H. (1994). 
Developmental and regional expression in the rat brain and functional properties of 
four NMDA receptors. Neuron 12, 529-540.

Monyer, H., Seeburg, P. H. & Wisden, W. (1991). Glutamate-operated channels: 
developmentally early and mature forms arise by alternative splicing. Neuron 6, 799- 
810.

Morgan, J. I. & Curran, T. (1989). Stimulus-transcription coupling in neurons: role of 
cellular immediate-early genes. Trends in Neuroscience 12,459-462.

Moriyoshi, K., Masu, M., Ishii, T., Shigemoto, R., Mizuno, N. & Nakanishi, S. 
(1991). Molecular cloning and characterization of the rat NMDA receptor [see 
comments]. Nature 354, 31-37.

Nagy, I., Maggi, C. A., Dray, A., Woolf, C. J. & Urban, L. (1993). The role of 
neurokinin and N-methyl-D-aspartate receptors in synaptic transmission from 
capsaicin-sensitive primary afferents in the rat spinal cord in vitro. Neuroscience 52, 
1029-1037.

Nagy, J. I. & Hunt, S. P. (1982). Fluoride-resistant acid phosphatase-containing 
neurones in dorsal root ganglia are separate from those containing substance P or 
somatostatin. Neuroscience 7, 89-97.

Nagy, J. I., Hunt, S. P., Iversen, L. L. & Emson, P. C. (1981). Biochemical and 
anatomical observations on the degeneration of peptide-containing primary afferent 
neurons after neonatal capsaicin. Neuroscience 6, 1923-1934.

Narayanan, C. H., Fox, M. W. & Hamburger, V. (1971). Prenatal development of 
spontaneous and evoked activity in the rat (Rattus norvegicus albinus). Behaviour 
40, 100-134.

156



Navarrette, R. & Vrbova, G. (1993). Activity-dependent interactions between 
motoneurones and muscles: their role in the development of the motor unit. Prog 
Neurobiol 41, 93-124.

Neumann, S., Doubell, T. P., Leslie, T. & Woolf, C. J. (1996). Inflammatory pain 
hypersensitivity mediated by phenotypic switch in myelinated primary sensory 
neurons. Nature 384, 360-364.

Nomes, H. O. & Das, G. D. (1974). Temporal pattern of neurogenesis in spinal cord 
of rat. I. An autoradiographic study—time and sites of origin and migration and 
settling patterns of neuroblasts. Brain Research 73, 121-138.

Nussbaumer, J. C. & Wall, P. D. (1985). Expansion of receptive fields in the mouse 
cortical barrelfield after administration of capsaicin to neonates or local application on 
the infraorbital nerve in adults. Brain Research 360, 1-9.

O'Brien, R. J., Mammen, A. L., Blackshaw, S., Ehlers, M. D., Rothstein, J. D. & 
Huganir, R. L. (1997). The development of excitatory synapses in cultured spinal 
neurons. Journal o f Neuroscience 17, 7339-7350.

Ogata, N. & Tatebayashi, H. (1992). Ontogenic development of the TTX-sensitive 
and TTX-insensitive Na+ channels in neurons of the rat dorsal root ganglia. 
Developmental Brain Research 65, 93-100.

Otsuka, M. & Yoshioka, K. (1993). Neurotransmitter functions of mammalian 
tachykinins. Physiol Rev 73, 229-308.

Payne, J., Middleton, J. & Fitzgerald, M. (1991). The pattern and timing of 
cutaneous hair follicle innervation in the rat pup and human fetus. Developmental 
Brain Research 61,173-182.

Pignatelli, D., Ribeiro da Silva, A. & Coimbra, A. (1989). Postnatal maturation of 
primary afferent terminations in the substantia gelatinosa of the rat spinal cord. An 
electron microscopic study. Brain Research 491, 33-44.

Plenderleith, M. B., Wright, L. L. & Snow, P. J. (1992). Expression of lectin binding 
in the superficial dorsal horn of the rat spinal cord during pre- and postnatal 
development. Developmental Brain Research 68, 103-109.

Pockett, S., Figurov, A. 1993. Long-term potentiation and depression in the ventral 
horn of rat spinal cord in vitro. Neuroreport 4: 97-99.

Potashner, S. J. & Tran, P. L. (1984). Decreased uptake and release of D-aspartate in 
the guinea pig spinal cord after dorsal root section. JNeurochem 42, 1135-1144.

Price, D. D., Hull, C. D. & Buchwald, N. A. (1971). Intracellular responses of dorsal

157



horn cells to cutaneous and sural nerve A and C fiber stimuli. Experimental Neurology 
33, 291-309.

Price, D. D., Mao, J., Frenk, H. & Mayer, D. J. (1994). The N-methyl-D-aspartate 
receptor antagonist dextromethorphan selectively reduces temporal summation of 
second pain in man. Pain 59,165-174.

Price, G. W., Wilkin, G. P., Turnbull, M. J. & Bowery, N. G. (1984). Are baclofen- 
sensitive GABAB receptors present on primary afferent terminals of the spinal cord? 
Nature 307, 71-74.

Purves, D. & Litchman, J. W. (1985). Priciples of Neural Develpoment. 433. Sinauer, 
Sunderland MA

Rahman, W., Dashwood, M. R., Fitzgerald, M., Aynsley-Green, A. & Dickenson, 
A. H. (1998). Postnatal development of multiple opioid receptors in the spinal cord 
and development of spinal morphine analgesia. Developmental Brain Research 108, 
239-254.

Raja, S. N., Campbell, J. N. & Meyer, R. A. (1984). Evidence for different 
mechanisms of primary and secondary hyperalgesia following heat injury to the 
glabrous skin. Brain 107, ( Pt 4): 1179-88.

Ralston, H. J. d. & Ralston, D. D. (1979). The distribution of dorsal root axons in 
laminae I, II and III of the macaque spinal cord: a quantitative electron microscope 
study. Journal o f Comparative Neurology 184, 643-684.

Randic, M. & Yu, H. H. (1976). Effects of 5-hydroxytryptamine and bradykinin in 
cat dorsal horn neurones activated by noxious stimuli. Brain Research 111, 197-203.

Randic, M., Jiang, M. C. & Cerne, R. (1993). Long-term potentiation and long-term 
depression of primary afferent neurotransmission in the rat spinal cord. Journal o f  
Neuroscience 13,5228-5241.

Rao, A. & Craig, A. M. (1997). Activity regulates the synaptic localization of the 
NMDA receptor in hippocampal neurons. Neuron 19, 801-812.

Redfem, P. A. (1970). Neuromuscular transmission in new-born rats. Journal o f  
Physiology (London) 209, 701-709.

Reeh, P. W. & Sauer, S. K. (1997). Chronic aspects in peripheral nociception. In: 
Proceedings o f the 8th World Ccongress on Pain . Eds. (Jensen, T. S., Turner, J. A. 
& Wiesenfeld-Hallin, Z.). IASP Press

Reichling, D. B. & Basbaum, A. I. (1990). Contribution of brainstem GABAergic 
circuitry to descending antinociceptive controls: I. GABA-immunoreactive projection

158



neurons in the periaqueductal gray and nucleus raphe magnus. Journal o f  
Comparative Neurology 302, 370-377.

Reichling, D. B., Kyrozis, A., Wang, J. & MacDermott, A. B. (1994). Mechanisms 
of GABA and glycine depolarization-induced calcium transients in rat dorsal horn 
neurons. Journal o f  Physiology (London) 476, 411 -421.

Ren, K. & Dubner, R. (1996). Enhanced descending modulation of nociception in rats 
with persistent hindpaw inflammation. Journal o f Neurophysiology 76, 3025-3037.

Rexed, B. (1952). The cytoarchitectonic organization of the spinal cord of the rat. 
Journal o f Comparative Neurology 96, 415-466.

Reynolds, M. L. & Fitzgerald, M. (1992). Neonatal sciatic nerve section results in 
thiamine monophosphate but not substance P or calcitonin gene-related peptide 
depletion from the terminal field in the dorsal hom of the rat: the role of collateral 
sprouting. Neuroscience 51, 191-202.

Risling, M., Hildebrand, C. & Aldskogius, H. (1981). Postnatal increase of 
unmyelinated axon profiles in the feline ventral root L7. Journal o f Comparative 
Neurology 201, 343-351.

Robbins, N. & Yonezawa, T. (1971). Physiological studies during formation and 
development of rat neuromuscular junctions in tissue culture. J  Gen Physiol 58, 467- 
481.

Robert, A., Black, J. A. & Waxman, S. G. (1998). Endogenous NMDA-receptor 
activation regulates glutamate release in cultured spinal neurons. Journal o f  
Neurophysiology 80, 196-208.

Rose, R. D., Koerber, H. R., Sedivec, M. J. & Mendell, L. M. (1986). Somal action 
potential duration differs in identified primary afferents. Neuroscience Letters 63, 
259-264.

Rusin, K. I., Ryu, P. D. & Randic, M. (1992). Modulation of excitatory amino acid 
responses in rat dorsal hom neurons by tachykinins. Journal o f Neurophysiology 68, 
265-286.

Saito, K. (1979). Development of spinal reflexes in the rat fetus studied in vitro. 
Journal o f Physiology (London) 294, 581-594.

Sakmann, B. & Brenner, H. R. (1978). Change in synaptic channel gating during 
neuromuscular development. Nature 276, 401-402.

Sargent, P. B. (1992). Electrical Signalling. In: An Introduction to Molecular 
Neurobiology . Eds. (Hall, Z. W.). Sinauer, USA

159



Schaible, H. G., Neugebauer, V., Cervero, F. & Schmidt, R. F. (1991). Changes in 
tonic descending inhibition of spinal neurons with articular input during the 
development of acute arthritis in the cat. Journal o f Neurophysiology 66, 1021-1032.

Scheibel, M. E. & Scheibel, A. B. (1968). Terminal axonal patterns in cat spinal cord. 
II. The dorsal hom. Brain Research 9, 32-58.

Schlaggar, B. L., Fox, K. & O'Leary, D. D. (1993). Postsynaptic control of plasticity 
in developing somatosensory cortex [see comments]. Nature 364, 623-626.

Schneider, S. P. & Perl, E. R. (1985). Selective excitation of neurons in the mammalian 
spinal dorsal horn by aspartate and glutamate in vitro: correlation with location and 
excitatory input. Brain Research 360, 339-343.

Schneider, S. P. & Perl, E. R. (1988). Comparison of primary afferent and glutamate 
excitation of neurons in the mammalian spinal dorsal hom. Journal o f  Neuroscience 
8, 2062-2073.

Schouenborg, J. (1984). Functional and topographical properties of field potentials 
evoked in rat dorsal hom by cutaneous C-fibre stimulation. Journal o f  Physiology 
(London) 356, 169-192.

Schuetze, S. M. & Role, L. W. (1987). Developmental regulation of nicotinic 
acetylcholine receptors. Annu Rev Neurosci 10, 403-457.

Seebach, B. S. & Mendell, L. M. (1996). Maturation in properties of motoneurons 
and their segmental input in the neonatal rat. Journal o f Neurophysiology 76, 3875- 
3885.

Semos, M. L. & Headley, P. M. (1994). The role of nitric oxide in spinal nociceptive 
reflexes in rats with neurogenic and non-neurogenic peripheral inflammation. 
Neuropharmacology 33, 1487-1497.

Senba, E., Shiosaka, S., Hara, Y., Inagaki, S., Sakanaka, M., Takatsuki, K., Kawai, 
Y. & Tohyama, M. (1982). Ontogeny of the peptidergic system in the rat spinal 
cord: immunohistochemical analysis. Journal o f Comparative Neurology 208, 54-66.

Sherrington, C. S. (1906). The Integrative Action of the Nervous System. Yale 
University Press, New Haven, 2nd E d ., 1947

Sherrington, C. S. (1910). Flexion reflex of the limb, crossed extension reflex, and 
reflex stepping and standing. Journal o f Physiology (London) 40, 28-121.

Shortland, P., Molander, C., Woolf, C. J. & Fitzgerald, M. (1990). Neonatal 
capsaicin treatment induces invasion of the substantia gelatinosa by the terminal

160



arborizations of hair follicle afferents in the rat dorsal hom. Journal o f Comparative 
Neurology 296,23-31.

Shortland, P., Woolf, C. J. & Fitzgerald, M. (1989). Morphology and somatotopic 
organization of the central terminals of hindlimb hair follicle afferents in the rat 
lumbar spinal cord. Journal o f  Comparative Neurology 289, 416-433.

Shulz, D. & Fregnac, Y. (1992). Cellular analogs of visual cortical epigenesis. II. 
Plasticity of binocular integration. Journal o f Neuroscience 12, 1301-1318.

Singer, E. & Placheta, P. (1980). Reduction of [3H]muscimol binding sites in rat 
dorsal spinal cord after neonatal capsaicin treatment. Brain Research 202, 484-487.

Sivilotti, L. & Woolf, C. J. (1994). The contribution of GABAA and glycine 
receptors to central sensitization: disinhibition and touch-evoked allodynia in the 
spinal cord. Journal o f Neurophysiology 72, 169-179.

Sivilotti, L. G., Thompson, S. W. & Woolf, C. J. (1993). Rate of rise of the 
cumulative depolarization evoked by repetitive stimulation of small-caliber afferents 
is a predictor of action potential windup in rat spinal neurons in vitro. Journal o f  
Neurophysiology 69, 1621-1631.

Sjodin, J., Fernandes, H., Karlsson, U., Nasstrom, I., Enkvist, K., Wallin, J. & 
Wikstrom, L. (1997). NMDA receptor subunit expression in the spinal cord. Society 
for Neuroscience Abstracts 23,930.

Skilling, S. R., Smullin, D. H., Beitz, A. J. & Larson, A. A. (1988). Extracellular 
amino acid concentrations in the dorsal spinal cord of freely moving rats following 
veratridine and nociceptive stimulation. JNeurochem 51, 127-132.

Smith, C. L. (1983). The development and postnatal organization of primary afferent 
projections to the rat thoracic spinal cord. Journal o f Comparative Neurology 220, 
29-43.

Smullin, D. H., Skilling, S. R. & Larson, A. A. (1990). Interactions between 
substance P, calcitonin gene-related peptide, taurine and excitatory amino acids in the 
spinal cord. Pain 42,93-101.

Sommer, B., Keinanen, K., Verdoom, T. A., Wisden, W., Bumashev, N., Herb, A., 
Kohler, M., Takagi, T., Sakmann, B. & Seeburg, P. H. (1990). Flip and flop: a cell- 
specific functional switch in glutamate-operated channels of the CNS. Science 249, 
1580-1585.

Soyguder, Z., Schmidt, H. H. & Morris, R. (1994). Postnatal development of nitric 
oxide synthase type 1 expression in the lumbar spinal cord of the rat: a comparison 
with the induction of c-fos in response to peripheral application of mustard oil.

161



Neuroscience Letters 180, 188-192.

Standley, S., Tocco, G., Tourigny, M. F., Massicotte, G., Thompson, R. F. & 
Baudry, M. (1995). Developmental changes in alpha-amino-3-hydroxy-5-methyl-4- 
isoxazole propionate receptor properties and expression in the rat hippocampal 
formation. Neuroscience 67, 881-892.

Stanfa, L. C., Misra, C. & Dickenson, A. H. (1996). Amplification of spinal 
nociceptive transmission depends on the generation of nitric oxide in normal and 
carrageenan rats. Brain Research 737, 92-98.

Stanfa, L. C., Singh, L., Williams, R. G. & Dickenson, A. H. (1997). Gabapentin, 
ineffective in normal rats, markedly reduces C-fibre evoked responses after 
inflammation. Neuroreport 8, 587-590.

Stanfa, L. C., Sullivan, A. F. & Dickenson, A. H. (1992). Alterations in neuronal 
excitability and the potency of spinal mu, delta and kappa opioids after carrageenan- 
induced inflammation. Pain 50, 345-354.

Stryker, M. P. & Harris, W. A. (1986). Binocular impulse blockade prevents the 
formation of ocular dominance columns in cat visual cortex. Journal o f Neuroscience 
6,2117-2133.

Svendsen, F., Tjolsen, A. & Hole, K. (1997). LTP of spinal A beta and C-fibre 
evoked responses after electrical sciatic nerve stimulation. Neuroreport 8, 3427- 
3430.

Swett, J. E. & Woolf, C. J. (1985). The somatotopic organization of primary afferent 
terminals in the superficial laminae of the dorsal hom of the rat spinal cord. Journal 
o f Comparative Neurology 231, 66-77.

Szentagothai, J. (1964). Neuronal and synaptic arrangement in the substantia 
gelatinosa Rolandi. Journal o f Comparative Neurology 122, 219-240.

Tachibana, M., Wenthold, R. J., Morioka, H. & Petralia, R. S. (1994). Light and 
electron microscopic immunocytochemical localization of AMPA-selective glutamate 
receptors in the rat spinal cord. Journal o f  Comparative Neurology 344, 431-454.

Teng, C. J. & Abbott, F. V. (1998). The formalin test: a dose-response analysis at 
three developmental stages. Pain 76, 337-347.

Thompson, S. W., Dray, A. & Urban, L. (1994). Injury-induced plasticity of spinal 
reflex activity: NK1 neurokinin receptor activation and enhanced A- and C-fiber 
mediated responses in the rat spinal cord in vitro. Journal o f  Neuroscience 14, 3672- 
3687.

162



Thompson, S. W., King, A. E. & Woolf, C. J. (1990). Activity dependent changes in 
rat ventral hom neurones in vitro; summation of prolonged afferent evoked 
postsynaptic depolarization produced by d-APV sensitive windup. European 
Journal o f  Neuroscience 2, 638-649.

Thompson, S. W., Woolf, C. J. & Sivilotti, L. G. (1993). Small-caliber afferent 
inputs produce a heterosynaptic facilitation of the synaptic responses evoked by 
primary afferent A-fibers in the neonatal rat spinal cord in vitro. Journal o f  
Neurophysiology 69,2116-2128.

Thornton, S. R., Compton, D. R. & Smith, F. L. (1998). Ontogeny of mu opioid 
agonist anti-nociception inpostnatal rats. Developmental Brain Research 105, 269- 
276.

Todd, A. J. & Lochhead, V. (1990). GABA-like immunoreactivity in type I glomemli 
of rat substantia gelatinosa. Brain Research 514, 171-174.

Todd, A. J. & Mckenzie, J. (1989). GABA-immunoreactive neurons in the dorsal 
hom of the rat spinal-cord. Neuroscience 31, 799-806.

Todd, A. J. & Spike, R. C. (1993). The localization of classical transmitters and 
neuropeptides within neurons in laminae I-III of the mammalian spinal dorsal hom. 
Progress In Neurobiology 41, 609-645.

Tolle, T. R., Berthele, A., Zieglgansberger, W., Seeburg, P. H. & Wisden, W.
(1993). The differential expression of 16 NMDA and non-NMDA receptor subunits 
in the rat spinal cord and in periaqueductal gray. Journal o f  Neuroscience 13, 5009- 
5028.

Tolle, T. R., Berthele, A., Zieglgansberger, W., Seeburg, P. H. & Wisden, W.
(1995). Flip and Flop variants of AMPA receptors in the rat lumbar spinal cord. 
European Journal o f Neuroscience 7, 1414-1419.

Tolle, T. R., Castro Lopes, J. M., Coimbra, A. & Zieglgansberger, W. (1990). 
Opiates modify induction of c-fos proto-oncogene in the spinal cord of the rat 
following noxious stimulation. Neuroscience Letters 111, 46-51.

Traub, R. J. (1997). Spinal modulation of the induction of central sensitization. Brain 
Research 778, 34-42.

Tsumoto, T., Hagihara, K., Sato, H. & Hata, Y. (1987). NMDA receptors in the 
visual cortex of young kittens are more effective than those of adult cats. Nature 327, 
513-514.

Tuchscherer, M. M. & Seybold, V. S. (1989). A quantitative study of the coexistence 
of peptides in varicosities within the superficial laminae of the dorsal hom of the rat

163



spinal cord. Journal o f Neuroscience 9, 195-205.

Vabnick, I., Novakovic, S. D., Levinson, S. R., Schachner, M. & Shrager, P. (1996). 
The clustering of axonal sodium channels during development of the peripheral 
nervous system. Journal o f  Neuroscience 16, 4914-4922.

Valerio, A. et al. (1997). mGluR5 metabotropic glutamate receptor distribution in rat 
and human spinal cord: a developmental study. Neurosci Res 28, 49-57.

Valtschanoff, J. G., Weinberg, R. J., Rustioni, A. & Schmidt, H. H. (1992). Nitric 
oxide synthase and GABA colocalize in lamina II of rat spinal cord. Neuroscience 
Letters 148, 6-10.

Van Eden, C. G., Mrzljak, L., Voom, P. & Uylings, H. B. (1989). Prenatal 
development of GABA-ergic neurons in the neocortex of the rat. Journal o f  
Comparative Neurology 289, 213-227.

van Praag, H. & Frenk, H. (1991). The development of stimulation-produced 
analgesia (SPA) in the rat. Developmental Brain Research 64, 71-76.

Vaughn, J. E. & Grieshaber, J. A. (1973). A morphological investigation of an early 
reflex pathway in developing rat spinal cord. Journal o f Comparative Neurology 
148, 177-209.

Vaughn, J. E. (1989). Fine structure of synaptogenesis in the vertebrate central 
nervous system. Synapse 3, 255-285.

Verdoom, T. A. & Dingledine, R. (1988). Excitatory amino acid receptors expressed 
in Xenopus oocytes: agonist pharmacology. Mol Pharmacol 34, 298-307.

Wagman, I. H. & Price, D. D. (1969). Responses of dorsal hom cells of M. mulatta to 
cutaneous and sural nerve A and C fiber stimuli. Journal o f Neurophysiology 32, 
803-817.

Waldvogel, H. J., Faull, R. L., Jansen, K. L., Dragunow, M., Richards, J. G., 
Mohler, H. & Streit, P. (1990). GABA, GABA receptors and benzodiazepine 
receptors in the human spinal cord: an autoradiographic and immunohistochemical 
study at the light and electron microscopic levels. Neuroscience 39, 361-385.

Wall, P. D. & Melzack, R. (1994). Textbook of Pain. Churchill Livingstone.

Wall, P. D. & Werman, R. (1976). The physiology and anatomy of long ranging 
afferent fibres within the spinal cord. Journal o f  Physiology (London) 255, 321-334.

Wall, P. D. (1965). Impulses originating in the region of dendrites. Journal o f  
Physiology (London) 180,116-133.

164



Wall, P. D. (1967). The laminar organization of dorsal hom and effects of descending 
impulses. Journal o f Physiology (London) 188, 403-423.

Wall, P. D. (1977). The presence of ineffective synapses and the circumstances 
which unmask them. Philos Trans R Soc Lond B Biol Sci 278, 361-372.

Wall, P. D., Fitzgerald, M., Nussbaumer, J. C., Van der Loos, H. & Devor, M. 
(1982a). Somatotopic maps are disorganized in adult rodents treated neonatally with 
capsaicin. Nature 295, 691-693.

Wall, P. D., Fitzgerald, M. & Woolf, C. J. (1982b). Effects of capsaicin on receptive 
fields and on inhibitions in rat spinal cord. Experimental Neurology 78,425-436.

Wall, P. D., Merrill, E. G. & Yaksh, T. L. (1979). Responses of single units in 
laminae 2 and 3 of cat spinal cord. Brain Research 160, 245-260.

Wang, J., Reichling, D. B., Kyrozis, A. & MacDermott, A. B. (1994). 
Developmental loss of GABA- and glycine-induced depolarization and Ca2+ 
transients in embryonic rat dorsal hom neurons in culture. European Journal o f 
Neuroscience 6, 1275-1280.

Waxman, S. G. (1980). Determinants of conduction velocity in myelinated nerve 
fibers. Muscle Nerve 3, 141-150.

Webster, H. D. (1971). The geometry of peripheral myelin sheaths during their 
formation and growth in rat sciatic nerves. J  Cell Biol 48, 348-367.

Wenthold, R. J., Yokotani, N., Doi, K. & Wada, K. (1992). Immunochemical 
characterization of the non-NMDA glutamate receptor using subunit-specific 
antibodies. Evidence for a hetero-oligomeric structure in rat brain. J  Biol Chem 267, 
501-507.

Wiesenfeld Hallin, Z., Hokfelt, T., Lundberg, J. M., Forssmann, W. G., Reinecke, 
M., Tschopp, F. A. & Fischer, J. A. (1984). Immunoreactive calcitonin gene-related 
peptide and substance P coexist in sensory neurons to the spinal cord and interact in 
spinal behavioral responses of the rat. Neuroscience Letters 52, 199-204.

Wilier, J. C. (1977). Comparative study of perceived pain and nociceptive flexion 
reflex in man. Pain 3, 69-80.

Wilier, J. C. (1985). Studies on pain. Effects of morphine on a spinal nociceptive 
flexion reflex and related pain sensation in man. Brain Research 331, 105-114.

Williams, S., Evan, G. & Hunt, S. P. (1990a). Spinal c-fos induction by sensory 
stimulation in neonatal rats. Neuroscience Letters 109, 309-314.

165



Williams, S., Evan, G. I. & Hunt, S. P. (1990b). Changing patterns of c-fos induction 
in spinal neurons following thermal cutaneous stimulation in the rat. Neuroscience 
36, 73-81.

Willis, W. D. & Coggeshall, R. E. (1991). Sensory Mechanisms of the Spinal Cord. 
Plenum Press, New York

Willis, W. D. J. (1997). Is central sensitization of nociceptive transmission in the 
spinal cord a variety of long-term potentiation? [comment]. Neuroreport 8, iii.

Wilson, P. & Snow, P. J. (1988). Somatotopic organization of the dorsal hom in the 
lumbosacral enlargement of the spinal cord in the neonatal cat. Experimental 
Neurology 101, 428-444.

Windh, R. T. & Kuhn, C. M. (1995). Increased sensitivity to mu opiate anti
nociception in the neonatal rat despite weaker receptor-guanyl nucleotide binding 
protein coupling. J  Pharmacol Exp Ther 273, 1353-1360.

Winter, C. A., Risley, E. A. & Nuss, G. W. (1962). Carrageenan-induced edema in 
the hind paw of the rat as an assay fo antiinflammatory drugs. Proc Soc Exp Biol Med 
111, 544-547.

Woolf, C. J. & Doubell, T. P. (1994). The pathophysiology of chronic pain- 
increased sensitivity to low threshold A beta-fibre inputs. Current Opinion in 
Neurobiology 4, 525-534.

Woolf, C. J. & Fitzgerald, M. (1983). The properties of neurones recorded in the 
superficial dorsal hom of the rat spinal cord. Journal o f  Comparative Neurology 221, 
313-328.

Woolf, C. J. & Fitzgerald, M. (1986). Somatotopic organization of cutaneous afferent 
terminals and dorsal hom neuronal receptive fields in the superficial and deep laminae 
of the rat lumbar spinal cord. Journal o f  Comparative Neurology 251, 517-531.

Woolf, C. J. & King, A. E. (1987). Physiology and morphology of multireceptive 
neurons with C-afferent fiber inputs in the deep dorsal hom of the rat lumbar spinal 
cord. Journal o f Neurophysiology 58, 460-479.

Woolf, C. J. & King, A. E. (1990). Dynamic alterations in the cutaneous 
mechanoreceptive fields of dorsal hom neurons in the rat spinal cord. Journal o f  
Neuroscience 10,2717-2726.

Woolf, C. J. & Swett, J. E. (1984). The cutaneous contribution to the hamstring 
flexor reflex in the rat: an electrophysiological and anatomical study. Brain Research 
303, 299-312.

166



Woolf, C. J. & Thompson, S. W. (1991). The induction and maintenance of central 
sensitization is dependent on N-methyl-D-aspartic acid receptor activation; 
implications for the treatment of post-injury pain hypersensitivity states. Pain 44, 
293-299.

Woolf, C. J. (1983). Evidence fo ra  central component of post-injury pain 
hypersensitivity. Nature 306, 686-688.

Woolf, C. J. (1984). Long term alterations in the excitability of the flexion reflex 
produced by peripheral tissue injury in the chronic decerebrate rat. Pain 18, 325- 
343.

Woolf, C. J. (1985). Functional plasticity of the flexor withdrawal reflex in the rat 
following peripheral tissue-injury. Advances in Pain Reseach and Therapy 9, 193- 
201 .

Woolf, C. J. (1987). Central terminations of cutaneous mechanoreceptive afferents in 
the rat lumbar spinal cord. Journal o f  Comparative Neurology 261, 105-119.

Woolf, C. J. (1995). Somatic pain—pathogenesis and prevention. Br JAnaesth 75, 
169-176.

Woolf, C. J. (1996). Windup and central sensitization are not equivalent. Pain 66, 
105-108.

Woolf, C. J., Thompson, S. W. & King, A. E. (1988). Prolonged primary afferent 
induced alterations in dorsal horn neurones, an intracellular analysis in vivo and in 
vitro. J  Physiol Paris 83, 255-266.

Wu, S. Y. & Dun, N. J. (1997). Potentiation of NMDA currents by pituitary 
adenylate cyclase activating polypeptide in neonatal rat sympathetic preganglionic 
neurons. Journal o f  Neurophysiology 78, 1175-1179.

Xu, X. J., Dalsgaard, C. J. & Wiesenfeld-Hallin, Z. (1992). Spinal substance P and 
N-methyl-D-aspartate receptors are coactivated in the induction of central 
sensitization of the nociceptive flexor reflex. Neuroscience 51, 641-648.

Xu, X. J., Elfvin, A. & Wiesenfeld Hallin, Z. (1995). Subcutaneous carrageenan, but 
not formalin, increases the excitability of the nociceptive flexor reflex in the rat. 
Neuroscience Letters 196, 116-118.

Yoshimura, M. & Jessell, T. (1990). Amino acid-mediated EPSPs at primary afferent 
synapses with substantia gelatinosa neurones in the rat spinal cord. Journal o f  
Physiology (London) 430, 315-335.

167



Yoshimura, M. & Nishi, S. (1995). Primary afferent-evoked glycine-mediated and 
GABA-mediated IPSPs in substantia-gelatinosa neurons in the rat spinal-cord in- 
vitro. Journal o f Physiology (London) 482, 29-38.

Ziskind-Conhaim, L. (1990). NMDA receptors mediate poly- and monosynaptic 
potentials in motoneurons of rat embryos. Journal o f Neuroscience 10, 125-135.

168


